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ABSTRACT

Development of in situ Second-Order Nonlinear Optical Scatterings for
Molecular Behaviors at Aerosol Surfaces

by

Yuqin Qian, Ph.D. of Science
Utah State University, 2022

Major Professor: Dr. Yi Rao
Department: Chemistry and Biochemistry

Aerosol particles are one of the most important components of the
atmosphere. During the growth of aerosol particles, they directly or indirectly affect
air quality, human health, and environmental chemistry. Therefore, it is important to
understand the chemical and physical properties of aerosol particles in their
formation and growth processes. The growth of aerosol particles in the atmosphere
is closely related to the chemical structure at its surface, as well as the heterogeneous
reactions which take place at and below the particle’s surface. However, there is a
lack of suitable surface-specific analytical techniques which directly measure the
chemical structure of aerosol particle surfaces in situ under ambient conditions. This
research aimed to understand how interfaces play a role in the growth of aerosol
particles. In our work, at first, we optimized the sensitivity of our second harmonic
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scattering (SHS) spectroscopy system for in situ chemical analysis of molecules at
the aerosol particle surface. Next, we used our SHS system to examine interfacial
behaviors of molecules at aerosol particle surfaces under different relative humidity
(RH) conditions. It was found that RH not only changes the concentration of solutes
within aerosol particles, but also affects interfacial hydration in localized regions. In
addition, we found that the surface tension of the particles varies with RH. We then
developed in situ surface-specific electronic sum frequency scattering (ESFS)
spectroscopy to directly study spectroscopic behaviors of molecules at aerosol
particle surfaces. These results provide new insights into the surface of aerosol
particles for further understanding of secondary organic aerosol formation. Finally,
in order to directly identify chemical structures of molecules at aerosol particle
surfaces, we developed in situ surface-specific vibrational sum frequency scattering
(VSFS) spectroscopy. Our methods open a new avenue for uncovering surface
composition and chemical reactions in the formation of secondary organic aerosol in
the atmosphere, as well as for the chemical analysis of viral aerosol particles.
(182 pages)
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PUBLIC ABSTRACT

Development of in situ Second-Order Nonlinear Optical Scatterings for
Molecular Behaviors at Aerosol Surfaces
Yuqin Qian
Aerosol particles are one of the most important components of the
atmosphere. During the growth of aerosol particles, they directly or indirectly affect
air quality, human health, and environmental chemistry. Therefore, understanding
the chemical and physical properties of such particles is an important scientific,
engineering, and medical issue. The growth of aerosol particles in the atmosphere is
closely related to the chemical structure at its surface, as well as the heterogeneous
reactions which take place at and below the particle’s surface. However, there is a
lack of suitable surface-specific analytical techniques which directly measure the
chemical structure of aerosol particle surfaces in situ under ambient conditions. The
focus of this research is to study the fundamental nature of aerosol particle surfaces
to better understand how interfaces play a role in the growth of aerosol particles.
Preliminary results in our early work demonstrated direct observations of
molecules at the aerosol particle surface with the development of second harmonic
scattering (SHS) spectroscopy. However, the sensitivity of the SHS system was
insufficient to be an analytical tool for studying chemical compositions of aerosol
surfaces. Initially, in the present work, we continued to optimize the SHS system for
in situ chemical analysis of molecules at the aerosol particle surface. First, we found
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that femtosecond lasers with repetition rates closer to 5 MHz are more efficient for
SHS. Next, we examined a more efficient detector, a charge-coupled device (CCD)
detector, which greatly reduced the sampling time of the interface response. Then we
combined the optimal laser system with a CCD detector, which greatly improved the
detection sensitivity of interfacial molecules. These experimental results not only
provided a comprehensive analysis of the SHS technique, but also laid a solid
foundation for our subsequent developments of new electronic and vibrational sum
frequency scattering (SFS) techniques.
Next, we used our SHS technique to examine interfacial behaviors of
molecules at aerosol particle surfaces under different relative humidity (RH) and salt
concentrations. Both relative humidity and salt concentration can change particle size
and the overall phase of aerosols. RH not only varies the concentration of solutes
inside aerosol particles, but also changes interfacial hydration in local regions. It was
also found that the surface and bulk of organic molecules in aerosol particles
exhibited different behaviors at different RH levels. Our quantitative analysis shows
that surface adsorption free energy remains constant, while surface area increases
with relative humidity. Furthermore, surface tension of aerosol particles decreases
with increasing RH. Our experimental results underscore the importance of
interfacial water behavior for aerosol particles in the atmosphere.
Later, we developed in situ surface-specific electronic sum frequency
scattering (ESFS) spectroscopy to study the spectroscopic behaviors of molecules at
aerosol particle surfaces. For example, we examined electronic spectra of malachite
green (MG) at aerosol particle surfaces and found that the surfaces are less polar than
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the bulk. Our quantitative orientational analysis shows that MG is orientated with a
polar angle of 25°-35°at the spherical particle surfaces of aerosols. Additionally, the
adsorption free energy of MG at the aerosol surfaces was found to be much lower
than that at the air/water interface. These results provide new insights into aerosol
particle surfaces to further our understanding of the formation of secondary organic
aerosols in the atmosphere.
Lastly, we developed in situ surface-specific vibrational sum frequency
scattering (VSFS) spectroscopy to directly identify chemical structures of molecules
at aerosol particle surfaces. This setup also enables simultaneous probing of inparticle phases through hyper-Raman scattering (HRS) spectroscopy. In this work,
we examined polarized VSFS spectra of propionic acid on the surface and in the bulk
of aerosol particles, proving the technique’s ability to characterize organic
constituents of aerosol particles. We also quantitatively compared the curved
gas/aerosol particle interface with the planar air/liquid interface. It was shown that
the surface adsorption free energy of propionic acid onto aerosol particles was less
negative than that at the air/water interface. These results challenge the long-standing
hypothesis that molecular behaviors at the air/water interface are the same as those
at aerosol particle surfaces. Our method opens a new avenue for uncovering surface
composition and chemical reactions in secondary organic aerosol formation in the
atmosphere and chemical analysis of viral aerosol particles.
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CHAPTER I
INTRODUCTION
1-1. Background and Significance
Sub pico-liter droplets and small particles play an important role in chemical
and biological systems, from the streamlining and miniaturization of analyses and
syntheses to the modeling of cells, and atmospheric chemistry.1-4 On a cell scale,
such droplets hold great potential in intracellular treatment and manipulation.5-6
Droplets have also been employed in assaying samples with as few as tens of cells.7
It has been thoroughly observed that chemical reactions in and on nanodroplets
proceed at rates that are several orders of magnitude greater than in bulk solutions.4
Aerosol particles can also be categorized as a droplet since many droplets in the
atmosphere are aqueous in nature.
Aerosol particles are suspension systems of very small and lightweight solid
particles or liquid droplets in a gas, usually air, or a solid-phase and liquid-phase
mixture. Typical atmospheric aerosols consist of an internal mixture of inorganic and
organic material, with significant liquid water content.8 Due to physicochemical
effects associated with their small size (Kelvin effect, kinetic limitations from
crystallization, Laplace pressure),9-10 fine aerosol chemical composition may reach
concentrations not found in macroscopic bulk solutions; metastable states with
extremely high ionic strength are common.11-13 Meteorologists usually refer to them
as particle matter (PM), like PM2.5 (<2.5 µm) or PM10 (<10 µm) which depends on
their size. Their size typically ranges from a few nanometers to ten micrometers.
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Aerosol particles are often complex mixtures of inorganic and organic substances.
Such mixtures in aerosols include sulfates, organic carbon, black carbon, nitrates,
mineral dust, and sea salt.

Figure 1-1. The formation of cloud and rain from aerosol particles in the atmosphere.
Aerosol particles are of significant importance to our planet for several
reasons.14 Firstly, they influence the climate, directly and indirectly. The direct effect
lies in the fact that aerosol particles absorb or scatter sunlight and thereby modulate
the temperature of the atmosphere. On the other hand, with the scattering of brightcolored or translucent aerosol particles such as pure sulfates and nitrates, sunlight
goes back towards space, leading to the cooling of the atmosphere. A significant
amount of sunlight is absorbed by dark aerosol particles like black carbon, resulting
in the warming of the atmosphere. Indirect climate effects are based on how aerosol
particles are converted to form clouds. When water vapor in the atmosphere is cooled,
it can condense into liquid phase to form a cloud droplet, as schematically shown in
Figure 1-1. Aerosols serve as the surface onto which these cloud droplets condense,
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coining the term of could condensation nuclei. The most common condensation
nuclei are natural aerosols, such as sulfates, sea salt, and ammonium salts. In contrast,
polluted air usually contains water-soluble particles, so the pollution-rich clouds tend
to have more numerous and smaller liquid droplets which become more reflective
and scatter more light. Therefore, different aerosol particles can change the form of
clouds to affect the climate indirectly. Secondly, Aerosol particles can contribute to
a variety of human health problems. The health effects of the particles are directly
related to their size, with particles less than 10 μm in size posing the most health risk.
These particles can seep into the lungs and are deposited in the trachea, bronchioles,
and alveoli, which can affect our health.
Aerosol particles originate from a variety of sources. The bulk of aerosols is
of natural origins, such as volcanoes, mineral dust, sea spray, forest exudates, and
geyser steams. Others may be caused by human activities, such as automobiles,
incinerators, smelters, and power plants. In addition, the burning of fossil fuels
generates sulfur dioxide that reacts with water vapor and other gases to form sulfate
aerosols. Biomass burning produces smoke including organic carbon and black
carbon. Deforestation, overgrazing, drought, and excessive irrigation change the land
surface, thereby increasing the formation rate of dust aerosols in the atmosphere.
Anthropogenic aerosols can also affect urban and industrial areas via weather
patterns.
Generally, there are two kinds of aerosol particles. One kind of particle,
usually called primary particle, is directly transferred into the air. Another kind of
particle is produced from atmospheric chemical reactions, called secondary
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particle.

Secondary organic aerosols (SOAs) are often formed by heterogeneous

and multiphase oxidations and condensations of primary organic aerosols which are
produced by natural and anthropogenic sources.16 Such secondary species affect
climate chemistry by affecting relative humidity and atmospheric pH, scattering and
absorbing solar radiation, and altering ice crystal and cloud nucleation.17-21
Reactions of SOAs promote the overall growth of aerosols through
heterogeneous oxidation at the gas/particle interface, and via reactions in the dry or
aqueous bulk phase of the particle’s core. Photocatalytic or radical heterogeneous
oxidation of organics present at the surface of an aqueous aerosol particle may lead
to soluble products which are taken into the particle bulk while less soluble gas-phase
products are lost to the atmosphere and available to form new SOAs.17-18, 22-29 Further
radical and oligomerization reactions in the aqueous bulk phase may yield products
that populate at the gas/particle interface to continue the growth cycle.30-32 Therefore,
understanding heterogeneous reactions at aerosol surfaces or gas/particle interfaces
is critical to revealing the formation processes of SOAs in the atmosphere.
1-2. Surfaces and Interfaces of Aerosol Particles
The structure, molecular-level dynamics, and chemistry of the surface
regions of aerosol particles are also different from those of the aerosol interior or
bulk aqueous solutions.33-34 Surface curvature may lead to a pressure gradient of
hundreds of bars between the surface and bulk for nanoscale particles.10, 35 Some
ionic species partition preferentially to the gas/particle interface,36-37 leading to
proposals of surface-specific heterogeneous chemical mechanisms which are
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supported by modeling.

36, 38-41

Microdroplets have been shown experimentally to

exhibit a stable pH gradient of up to 3.6 pH units between surface and the interior of
the droplet.42 The high velocity of incoming gas phase molecules relative to diffusion
rates within the particle leads to concentration gradients, which in the extreme case
manifest as surface reactions.43-44 It was found that organic molecules show a
significant difference in polarity, orientational configuration, and surface binding at
the aerosol surface relative to the planar air/water interface.45 The gas/particle
interface is the gateway to all aerosol chemistry (Figure 1-2). Although gas-particle
partitioning for aqueous aerosols is often well-described by a Henry's law-type linear
relationship,46-47 several factors may limit mass transfer, including the presence of an
organic surface layer, formed through deposition of semivolatile organics,48-49 by
surface-bulk partitioning of amphiphilic compounds,50 or through liquid-liquid phase
separation. The high inorganic salt concentrations in aerosols may also contribute to
the surface partitioning of organic molecules via “salting-out”,51 although some
environmentally relevant species “salt in”.47, 52-53 Even sub-monolayer coverage may
reduce gas-aerosol mass transfer by orders of magnitude, depending on the size of
the incoming gas phase molecule and the orientation of molecules at the aerosol
surface. More substantial organic layers may be present under a wide range of
conditions. Besides the potential impact on aerosol chemistry, an organic surface
layer on an aqueous aerosol core can also hold significant implications for the
properties of particle relative to the climate (e.g. cloud and ice nucleation and optical
properties).50, 54-57
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Figure 1-2. Surface behaviors of aerosol particles. Chemicals from gas phase adsorb
and diffuse into the surface, while solutes in bulk particles tend to adsorb onto the
surface.
Surfaces and interfaces of aerosol particles exhibit unique physical and
chemical properties such as viscosity, partitioning rates, surface tension, pH, and
charging which invoke interesting atmospheric implications.58-60 Viscosity and
partitioning rates mitigate overall chemical mobility within the particle and at its
interface, directly affecting its properties of pH, uptake rates, and charge distribution.
The charged surface of aerosol particles from increased ionic activity facilitates
adsorption and further solute activity at the interface.17-18, 61 Short-chained carboxylic
acids in aerosols and the roles that they play at the gas/aerosol particle interface have
been of significant interest of late to environmental and physical scientists alike.
Microwave spectroscopy was used by Mackenzie et al. to study hydrogen-bonded
complexing of formic acid with trimethylamine, developing an outline that may be
applicable to more diverse carboxylic acid systems in the future.62 By measuring
particle growth from the interactions of gas phase formic acid, trimethylamine, and
water, Kumar et al. have recently shown that the presence of a base greatly enhances
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particle formation and their computational studies have demonstrated that these acidbase pairs are interfacially active.63 While x-ray photoelectron spectroscopy was
used to study ammonia/carboxylic acid complexes at the planar air/water interface
by Blanco et al., and showed that interfacial partitioning was inconsistent for
carboxylic acid species with varying alkyl chain lengths, this method has also been
used by Unger et al. to study the impact of interfacial ion activity on carboxylic acid
partitioning to the surface of liquid jets.64-65 This intriguing topic has also been
investigated by Eugene et al., observing enhanced deprotonation of carboxylic acid
groups at the gas/aerosol particle interface, even at low bulk pH using electrospray
ionization mass spectrometry.66 Although these reports provide valuable information
on the broad topic of carboxylic acids near and at the gas/aerosol particle interface,
the common factor is that these investigations none independently observe the
gas/aerosol particle interface in situ under atmospherically relevant conditions.
1-3. Traditional Non-Surface Specific Methods for Aerosol Particle
Surfaces/Interfaces
X-ray photoelectron spectroscopy (XPS) is often employed to examine
surfaces/interfaces. For example, nitric acid is a prevalent component of atmospheric
aerosols, and the extent of nitric acid dissociation at aqueous interfaces is relevant to
its role in heterogeneous atmospheric chemistry. The dissociation of HNO3 at the
surface of aqueous solutions was quantified using X-ray photoelectron spectroscopy
of the nitrogen local electronic structure.67 X-ray photoelectron spectroscopy is an
excellent method due to its elemental and chemical specificity, and the possibility to
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obtain information on the depth distribution of solute and solvent species in the
interfacial region.
Electrospray ionization mass spectroscopy (ESI-MS) was recently
established to investigate droplet reaction rate acceleration.68 In this method, charged
nanodroplets are dispersed into the air where they can interact with each other and
gas-phase species. Variations of MS have also been used to study systems of
atmospheric and environmentally relevant nanodroplets.69-72
Surface-enhanced Raman spectroscopy (SERS) has been utilized as a new
approach to measuring the surface chemical compositions of atmospherically
relevant particles.73 The surface-sensitive SERS was achieved by electrospraying Ag
nanoparticle aerosols over analyte particles. The authors have observed spectral
features at v(SO42−), v(C–H), and v(O–H) modes from the normal Raman and SERS
measurements of laboratory-generated supermicron particles of ammonium sulfate
(AS), AS mixed with succinic acid, (AS / SA) and AS mixed with sucrose
(AS / sucrose). SERS measurements showed strong interaction (or chemisorption)
between Ag nanoparticles and surface aqueous sulfate ions (SO42−) with
[SO42−]AS / sucrose > [SO42−]AS / SA > [SO42−]AS. These observations of surface aqueous
sulfate and adsorbed water demonstrate a possible role of surface-adsorbed water in
facilitating the dissolution of sulfate from the bulk phase into its water layer(s).
Infrared (IR) spectroscopy has been used to study the formation of SOA. For
example, SOA formed in the ozonolysis of α-pinene in the air at 297 ±2 K has been
studied by multiple methods including atmospheric solids analysis probe mass
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spectrometry, attenuated total reflectance (ATR) Fourier transform infrared
spectrometry, and proton transfer reaction (PTR) mass spectrometry. They found that
for acetic acid and pinonaldehyde, D/l2 = 6.8 ×10−6 s−1 and 5.0 ×10−6 s−1 respectively,
the relative magnitudes were consistent with the size difference between acetic acid
and pinonaldehyde molecules.74. Another example is that diffuse reflectance infrared
Fourier transform spectrometry (DRIFTS) was used for analyzing solid powders and
for following their reactions in real time.75 Within the DRIFTS cell, a 10% (w/w)
mixture of MgCl2·6H2O in NaCl was equilibrated with air at 50% RH. This mixture
of NaCl coated with an aqueous magnesium chloride solution was then reacted with
gas phase OH·to generate hydroxide ions via a previously identified interface
reaction. Subsequent addition of SO2 to the processed mixture resulted in its uptake
and conversion to sulfite which was measured by FTIR. These studies have
demonstrated that DRIFTS can be used to study chemistry in liquid films in real time.
The outer monolayer of aerosol particles in contact with the surrounding
media exhibits physical and chemical properties which are distinct from those of the
underlying bulk. For aerosol particles of aqueous or soft matter origin, properties
such as viscosity and partitioning rates mitigate overall chemical mobility upon the
surface and within the droplet, directly affecting its properties of pH, uptake rates,
and charge distribution.58-60 Many such aerosol particles have a charged surface due
to an increased ionic activity therein, giving rise to increased rates of solute activity
and adsorption.17-18, 61 For these reasons, interface-specific forms of instrumental
analysis are necessary to understand the orientation, kinetics, and structure dynamics
at aerosol particle surfaces and interfaces. While the methods discussed above hold
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great merit and provide valuable information, surface-specific techniques are
required to examine aerosol surfaces and interfaces. Second harmonic scattering and
sum frequency scattering are surface-specific second-order nonlinear optical
processes, which are promising approaches for directly probing aerosol surfaces and
interfaces.
1-4. Nonlinear Optical Methods for Particle Surfaces/Interfaces
1-4-1 Second Harmonic Scattering
Second harmonic generation (SHG) spectroscopy was developed by Shen et
al. in 1982.76 Since then, SHG has been proven to be a surface/interface tool for
studies of various environmental, materials, biological, and catalytic systems.77-80
The unique feature of the SHG technique lies in the fact that SHG probes expose
surfaces/interfaces as well as buried interfaces, such as liquid/liquid or solid/liquid
interfaces. More importantly, SHG is performed under both ultra-high vacuum and
ambient conditions. In earlier studies, SHG was applied to planar surfaces and
interfaces.
Second harmonic scattering (SHS) was reported by Eisenthal et al. in 1996
for the first time from the surfaces of centrosymmetric particles in bulk isotropic
solution.81 They realized that SHG is generally described as electric dipole forbidden
in centrosymmetric systems. The authors showed that this requires the system to be
centrosymmetric on length scales much less than the coherence length of the optical
process and this condition is not satisfied for micron-sized particles. They observed
a strong SH signal from various particles of this length scale. This promising
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discovery opened an avenue for the powerful SHS spectroscopic method for the
investigation of physical and chemical processes on the surfaces of microscopic
centrosymmetric particles. This new area addresses the aqueous interfaces of microand nanoparticles suspended in aqueous solutions.
Later, SHS was extended into colloidal chemistry, a well-established field,
important in basic science, technology, and medicine.82-85 It is only in the past decade
that SHS spectroscopy has been used specifically to probe aqueous colloid surfaces.
Properties of colloids with micro- and nanoparticles are greatly influenced by the
structure of, and interactions occurring at the particle surface. It is important to
characterize the particle surface in situ and nondestructively. For these reasons, one
can anticipate that SHG will have a major impact on the future development of
interfacial colloid chemistry. Relatively recently, Dai et al. applied SHS to
systematically investigate the adsorption kinetics, molecular structure, and reaction
rates at the surfaces of a variety of micrometer- to nanometer-sized particles,
including biological cells.86
Theoretically, Heinz et al. have built up a framework for the generation and
scattering of second-harmonic light from the surface of particles of arbitrary shape
in the limit of low index of refraction contrast.87 By deriving a finite set of scattering
functions to describe the SH signal, the authors have developed selection rules for
SHS spectra. They also found that the scattering functions associated with achiral
and chiral surfaces are directly related to the bulk and surface linear optical form
factors, respectively. This SHS theory is applicable to small particles of ellipsoidal
shape with angular scattering patterns as a function of particle orientation and for
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ensembles of particles.
1-4-2 Vibrational Sum Frequency Scattering (VSFS)
Vibrational sum frequency generation (VSFG) spectroscopy was developed
by Shen et al. in 1987.88-90 Since then, VSFG has evolved as an analytical tool for
investigating the interfacial vibrations of various functional groups of environmental,
biological, materials, and electrochemical systems.89, 91-104 Originally, applications
of VSFG were focused on planar surfaces/interfaces. While these studies and many
more support the role of VSFG as a modern analytical technique for investigating
vibrational phenomena at planar surfaces and interfaces, these findings may not
extend the geometrical shift to droplet surfaces and interfaces.
Droplet surfaces and interfaces have unique optical, structural, and chemical
properties that differ from both their building blocks and the corresponding bulk
medium. These distinct physical and chemical properties are caused by the high
surface-to-volume ratio of nano- and microparticles. Consequently, it is of
fundamental significance to examine particle surfaces and their interactions with the
surrounding medium in order to investigate the unique properties of nano- and microparticles. Second-order nonlinear light scattering techniques are required to reveal
deep insights into the molecular mechanism of surface kinetics in solution and
properties of interfacial water in contact with hydrophilic and hydrophobic particles.
Such techniques could uncover molecular orientation distribution of molecules at
particle surfaces in solution, interfacial structure of surfactants at droplet interfaces,
acid-base chemistry on particles in solution, and vesicle structure and transport
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properties.

105

In 2002, Bonn et al. developed vibrational sum frequency scattering (VSFS)
to study the molecular properties of the surface of submicron particles in
suspensions.106-109 They applied the Rayleigh-Gans-Debye scattering theory to
extract the local molecular response from the macroscopic nonlinearly scattered
spectral intensity. They found that VSFS could quantitatively investigate the surface
molecular properties of submicron particles dispersed in solution. Their results
provide information on the order and density of alkane chains and the determination
of the elements of the local second-order surface susceptibility. Later, Roke and coworkers have extended the VSFS technique to many particle surfaces.110-112 For
example, they have directly measured the adsorption of sodium dodecylsulfate
(SDS) onto hexadecane oil droplets with an average radius of 83 nm.113 They found
that the interfacial density of adsorbed SDS is at least 1 order of magnitude lower
than that at a corresponding planar interface. Surfactants such as SDS can reduce the
interfacial tension between bulk water and bulk n-hexadecane by 42 mN/m. These
VSFS experiments indicate that reduction of interfacial tension does not take place
on the interface of nanoscopic oil droplets in water, as opposed to the conventional
wisdom.
When it comes to applications of second-order nonlinear optics to aerosol
particles, Geiger et al. applied VSFG for identifications of chemical compositions.114
They presented VSFG spectra of the external surfaces and the internal interfaces of
size-selected sea spray aerosol (SSA) particles which were generated at the wave
flume of the Scripps Hydraulics Laboratory and deposited on substrates. Their
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findings indicate that the alkyl chains of surfactant-rich SSA particles are likely to
be disordered. Their SFG experiments suggest that surfactant-rich SSA particles
contain CH oscillators subject to molecular orientation distributions that are broader
than the narrow molecular distribution functions associated with well-ordered and
well-aligned alkyl chains at planar surfaces. Their results are consistent with the
interpretation that the permeability of organic layers at SSA particle surfaces to small
reactive and nonreactive molecules may be substantial. They also found that the
similarity of the SFG spectra obtained from the wave flume microlayer and 150 nmsized SSA particles suggests that the SFG active CH oscillators in the two systems
may be in similar chemical environments. However, these experiments are not direct
measurements of aerosol particles in the air.
1-5. Theory of Sum Frequency Generation
As a surface/interface-specific tool, SFG is anticipated to provide vibrational
structures as well as electronic features, both of which are crucial in revealing
chemical reactions and physical properties occurring at interfaces and surfaces.
Thanks to recent advances in solid-state lasers, the SFG technique continues to
evolve into an analytical tool for applications relevant to environment, catalysis,
materials, biology, and other systems.
1-5-1 Vibrational Sum Frequency Generation (VSFG)
Specifically, VSFG is generated by mixing a visible photon (ℏ𝜔𝑣𝑖𝑠 ) with an
infrared (IR) photon (ℏ𝜔𝐼𝑅 ). The newly generated photons are upconverted at the
sum frequency of the two incident photons ( ℏ𝜔𝑆𝐹𝐺 = ℏ𝜔𝑣𝑖𝑠 + ℏ𝜔𝐼𝑅 ) through
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interactions with a nonlinear optical medium, as schematically depicted in Figure 13. Interfaces or surfaces are natural second-order allowed media. One can use VSFG
to obtain vibrational spectra of molecules at surfaces and interfaces, and thus
resulting in chemically specific information.

Figure 1-3. (A) Schematic of VSFG generated by one visible beam and another IR
beam. (B) Energy diagram of VSFG generation. The inset is laboratory coordinate
(X, Y, Z).
1-5-1-1 Basic Principle
A detailed description of the basic principle has been made in the literature.93,
115-119

Here we summarized the fundamental theory of VSFG as it applies to surfaces

and interfaces. We consider the case of two incident lasers, one visible and another
IR, neither of which is one or two photon resonant with excited electronic states, as
shown in Figure 1-3. The sum frequency signal is proportional to the square of the
sum over all macroscopic second-order susceptibility terms, which are separated into
a non-resonant frequency-independent part, 𝜒 (2),𝑁𝑅 , and a resonant frequencydependent q-th part, 𝜒 (2),𝑅 (𝜔, 𝑞).93, 115
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The resonant part is further expressed as
(2)

𝜒
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(𝜔, 𝑞) =

𝐴𝑞

(1.2)

𝜔−𝜔𝑞 +𝑖𝛤𝑞

where 𝜔𝑞 represents the resonant frequency of the q-th vibrational normal mode, Γ𝑞
the damping rate of the mode, and 𝐴𝑞 is the q-th resonant macroscopic susceptibility.
(2)

𝐴𝑞 is related to surface density and orientational factors, which takes the form,93, 115
(2)

(2)

𝐴𝑞,𝐼𝐽𝐾 = 𝑁𝑠 ∑ < (𝑅𝐼𝑖 )(𝑅𝐽𝑗 )(𝑅𝐾𝑘 ) > 𝛽𝑞,𝑖𝑗𝑘

(1.3)

where Ns is the number density of the interface moiety under investigation, (R) is the
element of the rotation transformation matrix from the molecular frame to the
laboratory frame, <> denotes the ensemble average over the orientation of the
(2)

interfacial molecules of interest, and 𝛽𝑞,𝑖𝑗𝑘 the microscopic hyperpolarizability of
chemical groups, and ∑() the sum over all of the hyperpolarizabilities.
1-5-1-2 Macroscopic Susceptibility
(2)

Since 𝐴𝑞 is a third-order tensor, there are the total 27 elements. Of them,
there are 7 nonzero terms for a rotationally isotropic interface (𝐶∞𝑣 symmetry),
(2)

(2)

(2)

(2)

(2)

(2)

(2)

namely, 𝐴𝑋𝑋𝑍 , 𝐴𝑌𝑌𝑍 , 𝐴𝑋𝑍𝑋 , 𝐴𝑌𝑍𝑌 , 𝐴𝑍𝑋𝑋 , 𝐴𝑍𝑌𝑌 , and 𝐴𝑍𝑍𝑍 .
1-5-1-3 Euler Transformation
We further express the Euler transformation between the molecular
coordinates frame (a, b, c) for the hyperpolarizabilities, and the laboratory
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coordinates frame (X, Y, Z) for the susceptibilities. Here we use the Euler
transformation defined in the literature,93 following one of the two popular
definitions in molecular spectroscopy. As a result, the Euler transformation matrix is
expressed as,93
𝑅𝑋𝑎
𝑎
𝑋
(𝑌 ) = ℜ × (𝑏 ) = (𝑅𝑌𝑎
𝑐
𝑅𝑍𝑎
𝑍

𝑅𝑋𝑏
𝑅𝑌𝑏
𝑅𝑍𝑏

𝑅𝑋𝑐 𝑎
𝑅𝑌𝑐 ) (𝑏 )
𝑅𝑍𝑐 𝑐

(1.4)

where
𝑐𝑜𝑠𝜓𝑐𝑜𝑠𝜙 − 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜓
ℜ = (𝑐𝑜𝑠𝜓𝑠𝑖𝑛𝜙 + 𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜓
𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜓

−𝑠𝑖𝑛𝜓𝑐𝑜𝑠𝜙 − 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜓
−𝑠𝑖𝑛𝜓𝑠𝑖𝑛𝜙 + 𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜓
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜓

𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙
−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 )
𝑐𝑜𝑠𝜃

1-5-1-4 Microscopic Hyperpolarizability
The symmetry of chemical groups determines the number of nonvanishing
(2)

elements of the molecular hyperpolarizability tensor, 𝛽𝑖𝑗𝑘 , for the q-th vibrational
(2)

mode. The nonvanishing elements of 𝛽𝑖𝑗𝑘 for three vibrational modes with oftenseen symmetries, i.e. 𝐶3𝑣 , 𝐶2𝑣 , and 𝐶∞𝑣 . For vibrational SFG, the tensor elements of
the hyperpolarizability are related to both the IR and Raman properties of the
vibrational mode. In fact, the hyperpolarizability is given by the product of the partial
derivative of the Raman polarizability tensor and the IR transition dipole with respect
to the q-th vibrational mode. The molecular fixed coordinates (a, b, c) for the CH3,
CH2, and CH are defined in Figure 1-4.93
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Figure 1-4. The definition of molecular fixed coordinates for CH3 (left), CH2
(middle), and CH (right).116
The macroscopic susceptibility tensors at a rotationally isotropic interface,
(2)

(2)

𝐴𝐼𝐽𝐾 , are expressed by the microscopic hyperpolarizabilities, 𝛽𝑖𝑗𝑘 , in the molecular
coordinate (a,b,c) for 𝐶3𝑣 , 𝐶2𝑣 , and 𝐶∞𝑣 symmetry groups as follows.
𝐶3𝑣 symmetry. 11 non-zero microscopic hyperpolarizability elements exist
for 𝐶3𝑣 symmetry group, such as CH3, NH3, and SiH3 groups, etc. The first three
terms are symmetric terms, and the last eight terms are asymmetric terms,
corresponding to the symmetric stretching and asymmetric stretching modes,
respectively,93, 116
(2)

(2)

𝛽𝑎𝑎𝑐 = 𝛽𝑏𝑏𝑐
(2)

𝛽𝑐𝑐𝑐
(2)

(2)

(2)

(2)

𝛽𝑎𝑐𝑎 = 𝛽𝑏𝑐𝑏
𝛽𝑐𝑎𝑎 = 𝛽𝑐𝑏𝑏
(2)

(2)

(2)

(2)

𝛽𝑎𝑎𝑎 = −𝛽𝑏𝑏𝑎 = −𝛽𝑎𝑏𝑏 = −𝛽𝑏𝑎𝑏

(1.5)
(2)

(2)

When both the SF and visible frequencies are off resonance, 𝛽𝑎𝑐𝑎 = 𝛽𝑏𝑐𝑏 =
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(2)
𝛽𝑐𝑎𝑎

(2)
𝛽𝑐𝑏𝑏 .

=

For a rotationally isotropic interface, the seven non-vanishing macroscopic
(2)

elements of 𝐴𝐼𝐽𝐾 exist through integration over the two Euler angles ( and ) as
follows,
For the symmetric stretching (ss) mode of 𝐶3𝑣 symmetry,93, 116
(2),𝑠𝑠

(2),𝑠𝑠

𝐴𝑋𝑋𝑍 = 𝐴𝑌𝑌𝑍 =
(2),𝑠𝑠

(2),𝑠𝑠

1
(2)
𝑁𝑠 𝛽𝑐𝑐𝑐 [(1 + 𝑅) < 𝑐𝑜𝑠𝜃 > −(1 − 𝑅) < 𝑐𝑜𝑠 3 𝜃 >]
2

(2),𝑠𝑠

(2),𝑠𝑠

𝐴𝑋𝑍𝑋 = 𝐴𝑍𝑋𝑋 = 𝐴𝑌𝑍𝑌 = 𝐴𝑍𝑌𝑌 =
(2),𝑠𝑠

1
(2)
𝑁 𝛽 (1 − 𝑅)[< 𝑐𝑜𝑠𝜃 > −< 𝑐𝑜𝑠 3 𝜃 >]
2 𝑠 𝑐𝑐𝑐

(2)

𝐴𝑍𝑍𝑍 = 𝑁𝑠 𝛽𝑐𝑐𝑐 [𝑅 < 𝑐𝑜𝑠𝜃 > +(1 − 𝑅) < 𝑐𝑜𝑠 3 𝜃 >]

(1.6)

For the asymmetric stretching (as) mode of C3v symmetry,93, 116
(2),𝑎𝑠

(2),𝑎𝑠

(2)

𝐴𝑋𝑋𝑍 = 𝐴𝑌𝑌𝑍 = −𝑁𝑠 𝛽𝑎𝑐𝑎 [< 𝑐𝑜𝑠𝜃 > −< 𝑐𝑜𝑠 3 𝜃 >]
(2),𝑎𝑠

(2),𝑎𝑠

(2),𝑎𝑠

(2),𝑎𝑠

(2)

𝐴𝑋𝑍𝑋 = 𝐴𝑍𝑋𝑋 = 𝐴𝑌𝑍𝑌 = 𝐴𝑍𝑌𝑌 = 𝑁𝑠 𝛽𝑎𝑐𝑎 < 𝑐𝑜𝑠 3 𝜃 >
(2),𝑎𝑠

(2)

𝐴𝑍𝑍𝑍 = 2𝑁𝑠 𝛽𝑎𝑐𝑎 [< 𝑐𝑜𝑠𝜃 > −< 𝑐𝑜𝑠 3 𝜃 >]
(2)

(2)

where the hyperpolarizability ratio 𝑅 =

𝛽𝑎𝑎𝑐
(2)

𝛽𝑐𝑐𝑐

(1.7)

=

𝛽𝑏𝑏𝑐
(2)

𝛽𝑐𝑐𝑐

. R varies for the methyl group in

different molecules, which could be explicitly determined from the independently
measured Raman depolarization ratio. 𝑅 is in the range of about 1.66 ~ 4.0 for the
methyl group, with 𝑅 = 1.7 for methanol, 𝑅 = 3.4 for ethanol and longer chain 1alcohols, 𝑅 = 1.9 for acetone, and 𝑅 = 2.3 for DMSO. Actually, 𝑅 can be smaller
than 1.66 but is generally larger than 1 for the 𝐶3𝑣 group.93
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𝐶2𝑣 symmetry. For 𝐶2𝑣 symmetry groups, such as the CH2 group, there are
(2)

(2)

(2)

seven non-vanishing hyperpolarizability tensor elements. 𝛽𝑎𝑎𝑐 , 𝛽𝑏𝑏𝑐 , and 𝛽𝑐𝑐𝑐 are
(2)

(2)

(2)

(2)

symmetric (a1), while 𝛽𝑎𝑐𝑎 = 𝛽𝑐𝑎𝑎 ; 𝛽𝑏𝑐𝑏 = 𝛽𝑐𝑏𝑏 are asymmetric (b1 and b2).
Integration over the Euler angle  for a rotationally isotropic interface, the seven non(2)

vanishing macroscopic susceptibilities, 𝐴𝐼𝐽𝐾 , are expressed as,
For the symmetric stretching (ss, a1) mode of 𝐶2𝑣 symmetry,93
(2),𝑠𝑠

(2),𝑠𝑠

𝐴𝑋𝑋𝑍 = 𝐴𝑌𝑌𝑍 =

1
(2)
(2)
(2)
𝑁 [< 𝑐𝑜𝑠 2 𝜓 > 𝛽𝑎𝑎𝑐 +< 𝑠𝑖𝑛2 𝜓 > 𝛽𝑏𝑏𝑐 + 𝛽𝑐𝑐𝑐 ] < 𝑐𝑜𝑠𝜃
2 𝑠

1
(2)
(2)
(2)
> + 𝑁𝑠 [< 𝑠𝑖𝑛2 𝜓 > 𝛽𝑎𝑎𝑐 +< 𝑐𝑜𝑠 2 𝜓 > 𝛽𝑏𝑏𝑐 − 𝛽𝑐𝑐𝑐 ] < 𝑐𝑜𝑠 3 𝜃 >]
2
1
(2),𝑠𝑠
(2),𝑠𝑠
(2),𝑠𝑠
(2),𝑠𝑠
(2)
𝐴𝑋𝑍𝑋 = 𝐴𝑍𝑋𝑋 = 𝐴𝑌𝑍𝑌 = 𝐴𝑍𝑌𝑌 = − 𝑁𝑠 [< 𝑠𝑖𝑛2 𝜓 > 𝛽𝑎𝑎𝑐 +< 𝑐𝑜𝑠 2 𝜓
2
(2)

(2)

> 𝛽𝑏𝑏𝑐 − 𝛽𝑐𝑐𝑐 ][< 𝑐𝑜𝑠𝜃 > −< 𝑐𝑜𝑠 3 𝜃 >]
(2),𝑠𝑠

(2)

(2)

𝐴𝑍𝑍𝑍 = 𝑁𝑠 [< 𝑠𝑖𝑛2 𝜓 > 𝛽𝑎𝑎𝑐 +< 𝑐𝑜𝑠 2 𝜓 > 𝛽𝑏𝑏𝑐 ] < 𝑐𝑜𝑠𝜃 >][< 𝑐𝑜𝑠𝜃 > −𝑁𝑠 [
(2)

(2)

(2)

< 𝑠𝑖𝑛2 𝜓 > 𝛽𝑎𝑎𝑐 +< 𝑐𝑜𝑠 2 𝜓 > 𝛽𝑏𝑏𝑐 − 𝛽𝑐𝑐𝑐 ] < 𝑐𝑜𝑠 3 𝜃 >
(2),𝑠𝑠

(2)

(2)

𝐴𝑍𝑍𝑍 = 𝑁𝑠 [< 𝑠𝑖𝑛2 𝜓 > 𝛽𝑎𝑎𝑐 +< 𝑐𝑜𝑠 2 𝜓 > 𝛽𝑏𝑏𝑐 ] < 𝑐𝑜𝑠𝜃 >][< 𝑐𝑜𝑠𝜃 > −𝑁𝑠 [<
(2)

(2)

(2)

𝑠𝑖𝑛2 𝜓 > 𝛽𝑎𝑎𝑐 +< 𝑐𝑜𝑠 2 𝜓 > 𝛽𝑏𝑏𝑐 − 𝛽𝑐𝑐𝑐 ] < 𝑐𝑜𝑠 3 𝜃 >

(1.8)

For the asymmetric stretching (as, b1, and b2) mode of C2v symmetry,93
(2),𝑎𝑠

(2),𝑎𝑠

(2)

𝐴𝑋𝑋𝑍 = 𝐴𝑌𝑌𝑍 = −𝑁𝑠 𝛽𝑎𝑐𝑎 < 𝑠𝑖𝑛2 𝜓 > [< 𝑐𝑜𝑠𝜃 > −< 𝑐𝑜𝑠 3 𝜃 >]
1
(2),𝑎𝑠
(2),𝑎𝑠
(2),𝑎𝑠
(2),𝑎𝑠
(2)
𝐴𝑋𝑍𝑋 = 𝐴𝑍𝑋𝑋 = 𝐴𝑌𝑍𝑌 = 𝐴𝑍𝑌𝑌 = 𝑁𝑠 𝛽𝑎𝑐𝑎 [< 𝑐𝑜𝑠 2 𝜓 > −< 𝑠𝑖𝑛2 𝜓 >]
2
(2)

< 𝑐𝑜𝑠𝜃 > +𝑁𝑠 𝛽𝑎𝑎𝑐 < 𝑠𝑖𝑛2 𝜓 >< 𝑐𝑜𝑠 3 𝜃 >
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(2),𝑎𝑠
𝐴𝑍𝑍𝑍

=

(2)
2𝑁𝑠 𝛽𝑎𝑐𝑎

2

3

< 𝑠𝑖𝑛 𝜓 > [< 𝑐𝑜𝑠𝜃 > −< 𝑐𝑜𝑠 𝜃 >]

(1.9)

The b2 mode has the same expressions as the b1 mode. The only difference is
(2)

(2)

(2)

that each 𝐴𝐼𝐽𝐾 term in b2 symmetry is proportional to 𝛽𝑏𝑐𝑏 rather than 𝛽𝑎𝑐𝑎 .
𝐶∞𝑣 symmetry. The non-zero hyperpolarizability terms for the 𝐶∞𝑣 group are
all symmetric. For example, -OH, -CH, -C=O, and -CN exhibit 𝐶∞𝑣 symmetry. Thus,
(2)

(2)

(2)

only three hyperpolarizabilities are non-zero and 𝛽𝑎𝑎𝑐 = 𝛽𝑏𝑏𝑐 = 𝑅𝛽𝑐𝑐𝑐 . The 𝑅 value
is in the range 0 ~ 0.28 for C-H, which is equal to its bond polarizability derivative
ratio r. Generally, 0 < r < 1 is for a single chemical bond. The r value for the single
O-H group is about 0.32 or less.93 The treatment for the methine group here can be
applied to the analysis to stretching mode of the O-H group, the C=O group, and CN with 𝐶∞𝑣 symmetry.
As a result, the nonzero elements for 𝐶∞𝑣 symmetry susceptibility tensors
follow the same expressions as those for the ss mode of the CH3 group described
above. In other words, for the symmetric stretching (ss) mode,
1
(2),𝑠𝑠
(2),𝑠𝑠
(2)
𝐴𝑋𝑋𝑍 = 𝐴𝑌𝑌𝑍 = 𝑁𝑠 𝛽𝑐𝑐𝑐 [(1 + 𝑟) < 𝑐𝑜𝑠𝜃 > −(1 − 𝑟) < 𝑐𝑜𝑠 3 𝜃 >]
2
(2),𝑠𝑠

(2),𝑠𝑠

(2),𝑠𝑠

(2),𝑠𝑠

𝐴𝑋𝑍𝑋 = 𝐴𝑍𝑋𝑋 = 𝐴𝑌𝑍𝑌 = 𝐴𝑍𝑌𝑌 =
(2),𝑠𝑠

(2)

1
(2)
𝑁𝑠 𝛽𝑐𝑐𝑐 (1 − 𝑟)[< 𝑐𝑜𝑠𝜃 > −< 𝑐𝑜𝑠 3 𝜃 >]
2

𝐴𝑍𝑍𝑍 = 𝑁𝑠 𝛽𝑐𝑐𝑐 [𝑟 < 𝑐𝑜𝑠𝜃 > +(1 − 𝑟) < 𝑐𝑜𝑠 3 𝜃 >]

(1.10)

Experimentally, one has to transform the above equations from the laboratory
coordinate (X, Y, Z) to the wave-propagating coordinate (K, S, P). In the (K, S, P)
system, the four polarization combinations including SSP, PPP, PSS, and SPS are
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measured in each experiment for the seven

(2)
𝐴𝐼𝐽𝐾 ,

where the first letter denotes the

polarization of the sum frequency light, the second the polarization of the visible
light, and the last one the polarization of the IR light.
1-5-1-5 Local Field Factors
An interface is a molecularly thin layer. The interface layer has different
physical properties from both the media. As such, the three-layer model for the
interface has been used for SFG.93, 115 The local field factors are obtained from
solving the Maxwell equation, as expressed by,93, 115
2𝑛1 (𝜔𝑖 )𝑐𝑜𝑠Υ𝑖
(𝜔
)𝑐𝑜𝑠Υ
1
𝑖
𝑖 +𝑛2 (𝜔𝑖 )𝑐𝑜𝑠α𝑖

𝐿𝑋𝑋 (𝜔𝑖 ) = 𝑛
𝐿𝑌𝑌 (𝜔𝑖 ) = 𝑛

2𝑛1 (𝜔𝑖 )𝑐𝑜𝑠α𝑖

1 (𝜔𝑖 )𝑐𝑜𝑠α𝑖 +𝑛2 (𝜔𝑖 )𝑐𝑜𝑠Υ𝑖

2𝑛2 (𝜔𝑖 )𝑐𝑜𝑠𝛼𝑖
𝑛1 (𝜔𝑖 ) 2
(
)
1 (𝜔𝑖 )𝑐𝑜𝑠𝛶𝑖 +𝑛2 (𝜔𝑖 )𝑐𝑜𝑠𝛼𝑖 𝑛′(𝜔𝑖 )

𝐿𝑍𝑍 (𝜔𝑖 ) = 𝑛

(1.11)

where n1 and n2 are refractive indexes for media 1 and 2, Υ𝑖 is the refractive angle
into medium 2 defined by 𝑛1 (𝜔𝑖 )𝑠𝑖𝑛𝛼𝑖 = 𝑛2 (𝜔𝑖 )𝑠𝑖𝑛Υ𝑖 , and 𝑛′(𝜔𝑖 ) is the effective
refractive index parameter of the interface layer.
These polarizations are correlated with the laboratory coordinates by
nonlinear Fresnel coefficients and appropriate projections, as given by,93
(2)

(2)

(2)

(2)

(2)

(2)

𝐴𝑒𝑓𝑓,𝑃𝑆𝑆 = 𝐿𝑍𝑍 (𝜔𝑆𝐹 )𝐿𝑌𝑌 (𝜔𝑉𝑖𝑠 )𝐿𝑌𝑌 (𝜔𝐼𝑅 )𝑠𝑖𝑛𝛼𝑆𝐹 𝐴𝑍𝑌𝑌
𝐴𝑒𝑓𝑓,𝑆𝑆𝑃 = 𝐿𝑌𝑌 (𝜔𝑆𝐹 )𝐿𝑌𝑌 (𝜔𝑉𝑖𝑠 )𝐿𝑍𝑍 (𝜔𝐼𝑅 )𝑠𝑖𝑛𝛼𝐼𝑅 𝐴𝑌𝑌𝑍
𝐴𝑒𝑓𝑓,𝑆𝑃𝑆 = 𝐿𝑌𝑌 (𝜔𝑆𝐹 )𝐿𝑍𝑍 (𝜔𝑉𝑖𝑠 )𝐿𝑌𝑌 (𝜔𝐼𝑅 )𝑠𝑖𝑛𝛼𝑉𝑖𝑠 𝐴𝑌𝑍𝑌
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(2)
𝐴𝑒𝑓𝑓,𝑃𝑃𝑃

=

(2)
−𝐿𝑋𝑋 (𝜔𝑆𝐹 )𝐿𝑋𝑋 (𝜔𝑉𝑖𝑠 )𝐿𝑍𝑍 (𝜔𝐼𝑅 )𝑐𝑜𝑠𝛼𝑆𝐹 𝑐𝑜𝑠𝛼𝑉𝑖𝑠 𝑠𝑖𝑛𝛼𝐼𝑅 𝐴𝑋𝑋𝑍
(2)

− 𝐿𝑋𝑋 (𝜔𝑆𝐹 )𝐿𝑍𝑍 (𝜔𝑉𝑖𝑠 )𝐿𝑋𝑋 (𝜔𝐼𝑅 )𝑐𝑜𝑠𝛼𝑆𝐹 𝑠𝑖𝑛𝛼𝑉𝑖𝑠 𝑐𝑜𝑠𝛼𝐼𝑅 𝐴𝑋𝑍𝑋
(2)

+ 𝐿𝑍𝑍 (𝜔𝑆𝐹 )𝐿𝑋𝑋 (𝜔𝑉𝑖𝑠 )𝐿𝑋𝑋 (𝜔𝐼𝑅 )𝑠𝑖𝑛𝛼𝑆𝐹 𝑐𝑜𝑠𝛼𝑉𝑖𝑠 𝑐𝑜𝑠𝛼𝐼𝑅 𝐴𝑍𝑋𝑋
(2)

+ 𝐿𝑍𝑍 (𝜔𝑆𝐹 )𝐿𝑍𝑍 (𝜔𝑉𝑖𝑠 )𝐿𝑍𝑍 (𝜔𝐼𝑅 )𝑠𝑖𝑛𝛼𝑆𝐹 𝑠𝑖𝑛𝛼𝑉𝑖𝑠 𝑠𝑖𝑛𝛼𝐼𝑅 𝐴𝑍𝑍𝑍
(1.12)
where the XZ plane is defined to be the plane of incidence for both the visible and
(2)

IR beams. For each vibrational mode, the peak intensity, 𝐼 ∝ |𝐴𝑒𝑓𝑓 |2 , and spectral
width could be obtained. Using two of the four polarizations, one is able to obtain
molecular orientation and orientational order, D.93
<𝑐𝑜𝑠𝜃>

𝐷 = <𝑐𝑜𝑠3 𝜃>

(1.13)

where < 𝑐𝑜𝑠𝜃 > and < 𝑐𝑜𝑠 3 𝜃 > are given by,
2𝜋

< 𝑐𝑜𝑠𝜃 >=

2𝜋

3

2𝜋

𝜋

∫0 𝑑𝜙 ∫0 𝑑𝜓 ∫0 𝑠𝑖𝑛𝜃𝑑𝜃𝜌𝑒𝑞 (𝜃,𝜙,𝜓)𝑐𝑜𝑠𝜃
2𝜋
2𝜋
𝜋
∫0 𝑑𝜙 ∫0 𝑑𝜓 ∫0 𝑠𝑖𝑛𝜃𝑑𝜃𝜌𝑒𝑞

< 𝑐𝑜𝑠 𝜃 >=

2𝜋

𝜋

∫0 𝑑𝜙 ∫0 𝑑𝜓 ∫0 𝑠𝑖𝑛𝜃𝑑𝜃𝜌𝑒𝑞 (𝜃,𝜙,𝜓)𝑐𝑜𝑠3 𝜃
2𝜋
2𝜋
𝜋
∫0 𝑑𝜙 ∫0 𝑑𝜓 ∫0 𝑠𝑖𝑛𝜃𝑑𝜃𝜌𝑒𝑞

where 𝜌𝑒𝑞 (𝜃, 𝜙, 𝜓) is orientational distribution function at equilibrium.

(1.14)
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1-5-2 Electronic Sum Frequency Generation (ESFG)

Figure 1-5. (A) Schematic of ESFG by mixing one visible beam and another
visible/short-wave IR (SWIR) beam. (B) Energy diagrams of ESFG.
1-5-2-1 Basic Principle of ESFG
The basic principle of ESFG is similar to that for VSFG as described above,
shown in Figure 1-5. ESFG is generated by one visible beam with another different
visible or short-wave IR beam. Similar to VSFG, ESFG signal is proportional to the
square of the sum over all macroscopic sum frequency susceptibility terms separated
into a non-resonant frequency-independent part, 𝜒 (2),𝑁𝑅 , and resonant frequencydependent n-th vibronic or electronic transition, 𝜒 (2),𝑅 (𝜔, 𝑛).
𝐼(𝜔) ∝ |𝜒 (2),𝑁𝑅 + ∑𝑛 𝜒 (2),𝑅 (𝜔, 𝑛) |2

(1.15)

The resonant part is further expressed as
𝜒 (2),𝑅 (𝜔, 𝑛) =

(2)

𝐴𝑛

𝜔−𝜔𝑛 +𝑖𝛤𝑛

(1.16)

where 𝜔𝑛 represents the resonant frequency of n-th vibronic or electronic transition,
Γ𝑛 the damping rate of the mode, and 𝐴𝑛 is the n-th macroscopic resonant
susceptibility. ESFG often measures wavelength instead of frequency in
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wavenumber. In this case, experimental data should be converted to frequency. In
the meanwhile, one should consider Jacobian transformation from wavelength to
frequency in that an ESFG intensity profile should follow the energy conservation as
follows.116
𝐼(𝜔)𝑑𝜔 = −𝐼(𝜆)𝑑𝜆

(1.17)

where 𝐼(𝜆) is ESFG intensity with wavelength (𝜆) and 𝐼(𝜔) ESFG intensity with
frequency (𝜔 = 2𝜋𝑐/𝜆 and c is the speed of light). Equation (1.17) is further written
as116
𝐼(𝜔) =

2𝜋𝑐𝐼(𝜆)

(1.18)

𝜆2

In the case that a VSFG spectrum is very narrow, the Jacobian transformation
(2)

does not affect its intensity profile. 𝐴𝑛 is related to surface density, orientational
factors, and hyperpolarizabilities, which is written as,
(2)

(2)

𝐴𝑛,𝐼𝐽𝐾 = 𝑁𝑠 ∑ < (𝑅𝐼𝑖 )(𝑅𝐽𝑗 )(𝑅𝐾𝑘 ) > 𝛽𝑛,𝑖𝑗𝑘

(1.19)

(2)

where 𝛽𝑛,𝑖𝑗𝑘 microscopic hyperpolarizabilities of vibronic or electronic transitions
and ∑() the sum over all the hyperpolarizabilities. Since an electronic spectrum of
interfacial molecules is generally governed by one transition, the hyperpolarizability
(2)

possess one dominant element of 𝛽𝑛,𝑐𝑐𝑐 . Thus, the seven non-vanishing macroscopic
susceptibilities are written as116
(2)

(2)

(2)

(2)

(2)

(2)

𝐴𝑋𝑋𝑍 = 𝐴𝑌𝑌𝑍 = 𝐴𝑋𝑍𝑋 = 𝐴𝑍𝑋𝑋 = 𝐴𝑌𝑍𝑌 = 𝐴𝑍𝑌𝑌
=

1
(2)
𝑁𝛽
[< 𝑐𝑜𝑠𝜃 > −< 𝑐𝑜𝑠 3 𝜃 >]
2 𝑠 𝑛,𝑐𝑐𝑐
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(2)
𝐴𝑍𝑍𝑍

=

(2)
𝑁𝑠 𝛽𝑛,𝑐𝑐𝑐

3

< 𝑐𝑜𝑠 𝜃 >

(1.20)

As seen above, only the orientational angle, , is left. The four polarization
combinations including SSP, PPP, PSS, and SPS can be readily written. By the same
token, the orientational order, D, and the orientational angle could be extracted as
described in VSFG section.
1-6. Scientific Questions to be addressed
We aim to develop new surface-specific in situ methods for the direct probing
of chemical species in the air. Here are some questions to be addressed:
•

Identification of surface species of aerosol particles

•

Surface polarity and viscosity

•

Molecular orientation at aerosol surfaces

•

Molecular adsorption behaviors as compared with those at a planar surface

•

Humidity effects of surface adsorption

•

Surface tension of aerosol particles

1-7. Structure of the Dissertation
Chapter I discusses the background and significance of aerosol particles,
surfaces, and interfaces of aerosol particles, as well as traditional and nonlinear optical
methods for particle analysis.
Chapter II presents the development of second harmonic scattering for in situ
measurements of aerosol particle surfaces.
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Chapter III presents the application of in situ surface-specific second harmonic
scattering and surface tension of aerosol particles under different relative humidity
conditions.
Chapter IV deals with the development of state-of-the-art surface-specific
electronic sum frequency scattering for in situ identifications of molecular
chromophores at aerosol particle surfaces.
Chapter V discusses the development of state-of-the-art surface-specific
vibrational sum frequency scattering for in situ identifications of chemical structures
of aerosol particle surfaces.
Chapter VI discusses the conclusions and outlooks.
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CHAPTER II
IN SITU PROBING OF SECOND HARMONIC SCATTERING OF AEROSOL
PARTICLESa
2-1. Abstract
The gas−aerosol particle interface is believed to contribute to the growth of
secondary organic aerosols in the atmosphere. Despite its importance, the chemical
composition of the interface has not been probed directly because of a lack of suitable
interface-specific analytical techniques. The preliminary result in our early work has
demonstrated direct observations of molecules at the gas−aerosol particle interface
with the development of second harmonic scattering (SHS). However, the SHS
technique is far away from being an analytical tool of chemical compositions at the
gas−aerosol particle interface. In this work, we continued to develop the interfacespecific SHS for in situ chemical analysis of molecules at the gas−aerosol particle
interface. As an example, we demonstrated coherent SHS signal of a new SHS probe,
crystal violet (CV), from interfaces of aerosol particles. The development of the SHS
technique includes: (1) Optimization for a more efficient femtosecond laser system
in the generation of SHS from aerosol particles. A near 5 MHz repetition rate of a
femtosecond laser was found to be optimal for the generation of SHS; (2) exploration

a
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of a more effective detector for SHS of aerosol particles. We found that both a CCD
detector and a single-photon counter produce similar signal-to-noise ratios of the
interfacial SHS signals from aerosol particles. The CCD detector is a more effective
option for the detection of SHS and could greatly reduce sampling time of the
interfacial responses; (3) combination of the optimal laser system with the CCD
detector, which has greatly improved the detection sensitivity of interfacial
molecules by more than 2 orders of magnitude and could potentially detect interfacial
SHS from a single aerosol particle. These experimental results not only provided a
thorough analysis of the SHS technique but also built a solid foundation for further
development of a new vibrational sum frequency scattering (SFS) technique for
chemical structures at the gas−aerosol particle interface.
2-2. Introduction
Atmospheric aerosol particles play vital important roles in the climate
variations and human health.1,2 The primary aerosols can be generated from a wide
variety of sources, like natural or anthropogenic emission. After the formation of the
primary aerosols, the volatile or semi-volatile organic compounds existing in the
atmosphere could be adsorbed by the aerosol particles and followed by
photochemistry reaction, which eventually form secondary organic aerosols (SOAs).
In the formation of SOAs, organic matter is a ubiquitous component and generally
comprises 10 to 90% of fine aerosol mass.3-5 Therefore, an accurate quantification of
SOAs formation is of critical importance for evaluating air quality and uncovering
climate change.
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It is generally thought that SOAs formation experiences the uptake of
oxidants into aerosol particles via gas-aerosol particle interface, their subsequent
interfacial reactions and dissolution into cloud droplets or wet aerosols, followed by
aqueous-phase reactions.1,6 Organic materials at gas-aerosol particle interface can
influence atmospheric composition and climate by altering the heterogeneous
chemistry, optical properties, and ice and cloud nucleating ability of atmospheric
aerosols.1,7-9 There is abundant indirect evidence that naturally occurring interfaceactive organic material resides preferentially at gas-aerosol particle interface.1,8,10-25
The interfaces for gas/aerosol particles are expected to exhibit unique physical and
chemical properties. In other words, the structure, mass transport kinetics, molecularlevel dynamics, and heterogeneous chemical reactions are different than those of
their corresponding bulk in the interfacial regions of gas-aerosol particle
interface.7,9,26 However, despite its importance, the chemical composition of the gasparticle interface has not been probed directly in situ due to a lack of suitable
interface-specific analytical techniques. As such, understandings of gas-aerosol
particle interface are merely limited to conjecture, calculations, or mimicking from
the gas-water planar interfaces.
Recently, a great deal of efforts has been made on chemical and physical
properties at gas-aerosol particle interface.1,8,10-25 However, these efforts provided
only indirect evidence on interfacial properties of aerosols since we are still lacking
interface-specific techniques for aerosol particles. For solid surfaces, many surfacesensitive methods are available.27,28 On the other hand, just few techniques can be
used for investigating liquid interfaces/surfaces, not to mention the interfaces of gas
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and liquid droplets. Of them, second harmonic generation (SHG) and sum frequency
generation (SFG) are proven interface-specific methods to investigate liquid
interfaces.29-62 Historically, SHG mainly provides electronic properties of interfacial
molecules, whereas SFG reveals vibrational properties of chemical groups at
interfaces. In the community of SHG and SFG, several groups are dedicated to the
applications of these techniques into atmospheric science.31,43,63-71 Of them, Geiger
et al. and his co-workers made first interfacial SFG experiments on aerosols, which
were deposited on Teflon filters.72 The transport of aerosols from fields to laboratory
inevitably disturbs their physical and chemical properties. Recent successes in
applications of SHG and SFG to curved interfaces made it possible to detect
interfaces of scattered aerosol particles with second harmonic scattering (SHS) and
sum frequency scattering (SFS).73,74
To be close to real environments for aerosols in the atmosphere, we are
interested to detect in-situ gas-aerosol particle interface directly with SHS and SFS.
In particular, we have recently made preliminary demonstration of direct
measurements for molecular behaviors at gas-aerosol particle interface.75 This work
opens up a new way for investigating in situ measurements of interfacial
photochemical reactions of aerosols. However, several technical difficulties hamper
our further investigations of interfacial analysis of molecules at aerosol particles.
First, only an 80 MHz femtosecond laser can be used in our early SHS experiments.
A high output femtosecond IR of 80 MHz does not exist in the current market. As
such, interface-specific vibrational sum frequency scattering could not be developed
for interfacial studies of aerosol particles since vibrational SFS could provide more
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structural information of gas-aerosol particle interface. Second, SHS signal from gasaerosol particle interface is as weak as tens of photons per second so that a single
photon counter detection has to be used. As a result, efficiency of obtaining an
interfacial spectrum is low. As compared with the one-pixel PMT detector, multipixel detectors such as a charge coupled detector (CCD) are more efficient to obtain
an interfacial spectrum. Third, only molecules with very large hyperpolarizability
such as trans-4-[4-(dibutylamino)styryl]-1-methylpyridinium iodide (DIA-4) could
be used as a SHS probe with tremendous screening. This restricts our choices for
many interfacial experiments since DIA-4 is a positively-charged dye. Here we shall
pursue more flexible laser systems for both efficient SHS as well as future
experimental development of vibrational SFS, examine more sensitive and effective
signal collection system for improving SHS detection limit of aerosol particles, and
explore more SHS probes for interfacial analysis of molecules at gas-aerosol particle
interface.
2-3. Experimental Section
2-3-1 Second Harmonic Scattering (SHS) Measurements
A schematic of an experimental setup for our SHS measurements is shown in
Figure 2-1. The experimental setup includes three units, including generation unit
for SHS, generation and handling unit for aerosol particles, and collection and
detection unit for SHS signal. A detailed description of the experimental setup is seen
in Supporting Information. Briefly, A 10 W single-unit integrated femtosecond laser
system (PHAROS, Light Conversion) with a seed oscillator was used in our
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experiments. The polarization of the incident light was set to be perpendicular to the
optical table. No analyzer was placed in the measurements. Aerosol particles were
generated by compressing nitrogen gas at a pressure of 40 psi with a constant output
atomizer (TSI 3076). A spectrometer (Acton 300i, Princeton Instruments) equipped
with a charge coupled device (LN/CCD-1340/00, Princeton Instruments) or a
photomultiplier tube (PMT H11901-20, Hamamatsu) constituted the SHS detection
system.

Figure 2-1. A schematic experimental setup for second harmonic scattering
measurements. The experimental setup includes three units. 1) Generation unit for
SHS. Pharos femtosecond laser system centered at 1030 nm was used for the SHS
experiments. The femtosecond laser system was focused on aerosol flows with a lens
(a diameter of 1 inch, a focal length of 10 cm). 2) Generation and handling unit for
aerosol particles. This unit consists of an atomizer, a do-it-yourself sealed chamber,
and an exhaust pump. 3) Collection and detection unit for SHS signal. A lens (a
diameter of 2 inch, a focal length of 2 cm) was used to collect SHS signal. A
spectrometer with a liquid-nitrogen cooled CCD and a PMT was used for dispersing
light wavelength. The output from the PMT was followed by an amplifier and a
single photon counter for signal detection.
2-3-2 Chemicals
The chemical structure of crystal violet (CV) is shown in Supporting
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Information. CV was purchased from Alfa Aesar as received. Ultrapure water of 18
MΩ.cm was used in our experiments. NaCl salt (Fisher Chemical) was baked at 600
C for 10 hours prior to use.
2-4. Results and Discussion
2-4-1 Coherent SHS and Incoherent Hyper-Rayleigh Scattering (HRS)
SHS from gas-aerosol particle interface is coherent in nature always
concomitant with incoherent HRS, which originates from instantaneous fluctuations
of number density in bulk. The latter comes from bulk contributions, whereas the
former arises from interfacial contributions. Both the coherent SHS and incoherent
HRS signals fall in a same frequency 2 that is double the fundamental frequency
. In an effort to prove whether emission signal at 2 comes from gas-aerosol
particle interface, emission spectra were taken under two-photon excitation of 1 MHz
1030 nm for both aerosol particles and bulk solution from a same stock sample of
1.0 M NaCl with 20 M CV. The CCD detector was used to collect emission spectra
of CV. The red curve presents emission spectrum for aerosol particles from the same
solution, whereas the blue curve shows emission spectrum for 20 M CV bulk
solution as shown in Figure 2-2 (A). It is well known that the peak at 515 nm (2)
for the blue curve is attributed to bulk HRS of CV. The asymmetric broad peak at
670 nm for 20 M CV bulk solution was assigned to two-photon fluorescence (TPF)
of CV, while corresponding TPF spectra for aerosol particles exhibit three separate
peaks located at 620 nm, 725 nm, and 830 nm respectively. These separate peaks for
the TPF of CV indicate that environments for the aerosol particles are localized with
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insignificant spectral broadening. In the bulk, the intensity for the HRS is much
weaker than that for the TPF. On the other hand, from the aerosol particles, the signal
at 515 nm (2) is much stronger than that for the TPF at 620 nm. If the signal at 515
nm (2) for aerosols arises from bulk CV, the intensity ratio for the two peaks should
be kept the same since both HRS and TPF are a two-photon process. However, we
observed the opposite results that the signal at 515 nm is much larger than that at 620
nm. Thus, we attributed the signal at 515 nm for aerosol particles to be coherent SHS
of CV originating from gas-aerosol particle interface.
To further verify if the signal at 2 at aerosol particles comes from gasaerosol particle interface, we compared the signal at 2 and TPF at 620 nm from
aerosol particles prepared by different concentrations of CV in a seed solution of 1.0
M NaCl. Figure 2-2 (B) presents the signal at 2 and TPF of aerosol particles as a
function of CV concentrations in the seed solution. TPF signal in the blue curve
appears to be linearly proportional to the concentration of CV. This is due to the fact
that incoherent TPF signal is linearly proportional to bulk concentration. On the other
hand, the signal at 2 in the red curve exhibits a nonlinear relationship with
concentration, suggesting that the signal at 2 is not of bulk origin. The
concentration-dependent signal at 2 is a typical Langmuir-type behavior of
interfacial molecules. A fitting to the Langmuir model yields an interfacial
adsorption free energy of -29.3 ± 0.182 kJ/mol (Kads= 1.36 (± 0.10)  105 M-1) for
CV at gas-aerosol particle interface.76-79 This difference in concentration-dependent
response for the signal at 2 and TPF further support that the peak at 515 nm (2)
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in Figure 2-2 (A) originates from gas-aerosol particle interface.

Figure 2-2. (A) Two-photon emission spectra from 500 nm to 850 nm were measured
with the CCD detector under a 1030 nm laser of 1 MHz repetition rate for the aerosol
particles and bulk solution from a same solution of 1.0 M NaCl mixed with 20 µM
CV. The incoherent HRS signal at 515 nm is smaller than the TPF signal at 670 nm
for the bulk solution of CV (the blue curve), while the signal at 515 nm (2) is much
larger than the TPF signal at 620 nm for the aerosol particles (the red curve). The
peak at 515 nm (2) from the aerosol particles was attributed to coherent SHS from
gas-aerosol particle interface. (B) The SHS at 515 nm and TPF at 620 nm as a
function of the CV concentration in 1.0 M NaCl solution for the aerosol particles.
The SHS signals at 515 nm exhibits a nonlinear and Langmuir-type behavior with
the CV concentration, whereas the TPF at 620 nm of bulk origin, is linearly
proportional to the concentration of CV as expected.
In our early experiments,75 only DIA-4 could be used for probing interfaces
of aerosol particles. With our current experimental system, we found more SHS
probes for aerosol particles, such as CV as well as para-ethyl red (not shown here).
The SHS signal level for CV is almost 10 times weaker than that for DIA-4 at gasaerosol particle interface when reaching plateaus in their respective concentrationdependent response. Therefore, we could not detect SHS signal from other molecules
at gas-aerosol particle interface in our early work.
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2-4-2 Optimization of Laser Systems for Coherent SHS at Gas-Aerosol Particle
Interface
In general, the SFS nonlinear responses arise from an interfacial layer of
particles when two different light beams overlap spatially and temporally on
aerosols.74,80,81 SHS is a special case when the two light beams are the same.
Considering a single particle, the coherent SF intensity from gas-aerosol particle
interface is given by81
2

𝐼 ∝ |𝜒 (2) | × 

𝐼1

1 𝐴1

×

𝐼2

2 𝐴2

× 𝐴𝑆 × 𝑅 × 𝑇

(2.1)

where (2) is the second order susceptibility that is macroscopic interfacial response,
I1 and I2 are pulse energies for two different incident beams, 1 and 2 are pulse
durations for the two beams, A1 and A2 are focal areas for the two beams, As is the
intersection area for the two beams, R is the repetition rate of the applied lasers, and
T is the time for interfacial response of materials of interest. Rearranging Equation
(2.1) gives the form81
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(2.2)

It is seen from Equation (2.2) that for given (2) and pulse-widths of lasers,
interfacial SFS response is proportional to a product of a single pulse energy I1 and
applied average power of P2, namely, I  I1P2. In the case of SHS experiments,
SHS signal is proportional to I1P1 since the two incident beams are the same. It is
also evident from Equation (2.2) that the higher pulse energy and average power, the
stronger the SH response. However, a pulse energy greater than 1.0 J with mild
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focus was found to generate higher order nonlinear responses for scattered aerosol
particles, leading to the generation of measurable white light supercontinuum with
the CCD detector at a fluence larger than 6.5  1011 W/cm2 (290 fs, 100 kHz, focal
spot diameter = 13 m). This value is a few times lower than that without scattered
aerosol particles. There are two often-encountered scenarios: 1) A high repetition
rate with a high average power but a relatively low pulse energy; 2) A low repetition
laser with a high pulse energy but a relatively low average power. As a result, a
tradeoff between an average power and a pulse energy is made to choose a laser
system for optimizing interfacial SHS responses of aerosol particles.
To find out which repetition rate laser is best for SHS measurements of gasaerosol particle interface, we predicted relative SHS signal for the five repetition
rates of lasers, including 80 MHz, 5 MHz, 2 MHz, 1 MHz, 100 kHz, and 25 kHz with
a same laser of 1030 nm as listed in Table S1 in Supporting Information. For a
repetition rate lower than 1 MHz, accessible pulse energy can be much higher than
1.0 J but could not be fully exploited in SHS measurements. On the other hand, for
a repetition rate higher than 1 MHz, the pulse energy is limited to the output of a
laser due to the technical difficulty with the laser fabrication in the current market.
In practice, a higher repetition rate than 10 MHz may not have a higher pulse energy
than 2.0 J. For example, a possibly highest repetition rate of 80 MHz in the market
generates the least SHS signal due to its lower pulse energy in Table S1 in Supporting
Information. The SHS responses become weaker as the repetition rate decreases for
the laser repetition rates lower than 1 MHz. This is since the pulse energy greater
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than 1.0 J cannot be used for experiments with the lower repetition rate lasers than
1 MHz. As the repetition rate increases, the SHS gets stronger and stronger. Here we
merely show that the 5 MHz laser generates the strongest SHS responses of them. In
fact, it could be any repetition rate higher than 5 MHz with a pulse energy of more
than 1.0 J, depending on the availability of a laser.

Figure 2-3. (A) Two-photon emission spectra of aerosol particles generated from 1.0
M NaCl solution mixed with 20 µM CV under the four different laser repetition rates
of 25 kHz, 100 kHz, 1 MHz, and 80 MHz, respectively. The pulse energies for the
25 kHz, 100 kHz, and 1 MHz lasers were kept at 1 µJ. The pulse energy for the 80
MHz laser was kept at 10 nJ. The spectra were taken with an integration time of 30
s. The interfacial responses of the aerosol particles show the largest SHS signal under
a laser of 1 MHz. (B) Comparison of the experimental SHS signals from (A) with
the calculated values from Table 1. All the calculated values were normalized with
respect to the experimental value at the 1 MHz.
Experimentally, SHS measurements of aerosol interfaces were carried out
under the four different repetition rates of laser systems (25 kHz, 100 kHz, 1 MHz,
and 80 MHz), in an effort to test if the predictions made above are correct. Figure 23 (A) shows the coherent SHS spectra taken with a CCD detector for aerosol particles
generated by 1.0 M NaCl solutions mixed with 20 µM crystal violet under the four
different repetition rates. The pulse energies applied for the 25 kHz, 100 kHz, and 1
MHz lasers were kept at 1.0 µJ. The pulse energy for the 80 MHz laser was kept at
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10 nJ. The spectra were taken with an integration time of 30 s. The interfacial
responses of the aerosol particles show the largest SHS under a laser of 1 MHz with
the same pulse energy of 1.0 µJ in Figure 2-3 (A). It is found that the SHS signal has
been improved by more than two orders of magnitude from the 80 MHz to the 1 MHz
laser system. Figure 2-3 (B) compares the experimental SHS signals from Figure 23 (A) with the calculated values from Table A2-1. All the calculated values were
normalized with respect to the experimental value at 1 MHz. Our experimental
results are in accordance with those relative SHS signal level we predicted. We could
not measure the SHS signal of aerosol particles with a repetition rate of 5 MHz since
the current laser system in our laboratory is only tuned up to 1 MHz. It is seen from
the predictions that a repetition rate of near 5 MHz produces the largest SHS signal
of aerosol particles.
2-4-3 Optimization of a Detection System for Coherent SHS at Gas-Aerosol
Particle Interface
A PMT detector is often used as an electrical transducer for measuring photon
flux. The resultant electrical signal can be processed by several techniques such as
single photon counter (SPC), boxcar averager, and lock-in amplifier. Of them, the
PMT plus SPC detection system can process signal in a discrete manner and
discriminate against PMT dark current. The overall result is that at low light levels
photon counting yields a higher signal-to-noise ratio (SNR) when compared to other
techniques. However, the disadvantage for the single pixel PMT detection is that
signal is collected at only a single wavelength at one time. One has to move a grating
in a monochromator for a spectrum with a PMT detector. This results in low-
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efficiency collection for spectral detection. In addition, the SPC mode is known to
be a poor option for a repetition laser lower than 1 kHz due to low counts.
Historically, SHS measurements have often been taken with a PMT detector plus a
single photon counter due to the applications of quasi-CW lasers in previous
experiments.73,82,83 On the other hand, a CCD detector measures multiple spectral
data at one time without any mechanical movement in a spectrometer. Quantum
efficiency for a CCD detector is generally close to or above 90% across the visible
spectral region. The disadvantage for a CCD detector is that the readout noise from
each pixel into a digitalized photon count cannot be avoided in an image collection.
The readout noise is strongly frame-rate dependent but independent of integration
time.
Assuming that both signal and noise fluctuations can be described by Poisson
statistics, one can obtain the SNR as 84,85
𝑆𝑁𝑅 =

𝜂𝑁𝑠2
√𝜂𝑁𝑠2 +𝑁𝑑2 +𝑁𝑟2

(2.3)

where effective signal photon rate Ns ( is quantum efficiency of a detector), Nd a
device thermal noise rate, and Nr a readout noise rate. First, a modern liquid-nitrogen
cooled (ca. -120 C) or thermally-cooled (ca. -80 C or - 100 C) CCD shows nearly
none of thermal noise (dark current, 0.002 e- per pixel per second). As such, both the
CCD and SPC are considered to be a dark current-free detection system. Second, the
readout noise for a CCD detector is on the order of 2 e- RMS (root mean square) in
our case of a slow frame rate of 100 kHz, whereas a PMT features no readout noise.
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As a result, the SNRs for both a scientific CCD and a PMT plus single photon counter
are nearly shot-noise limited.
Figure 2-4 compares the SNRs of the PMT plus SPC with those of the CCD
for coherent SHS signals of aerosol particles generated by 1.0 M NaCl solutions
mixed with 20 µM crystal violet under four lasers of different repetition rates,
including 25 kHz, 100 kHz, 1 MHz, and 80 MHz, respectively. It is seen that the
SNRs of the SHS signals from the CCD detector are comparable to those for the
PMT plus SPC. Both the CCD and the SPC demonstrate the best SNRs when applied
at a laser repetition rate of 1 MHz since the highest signal levels were produced.
Therefore, both the CCD detector and the PMT plus SPC are good for all the laser
repetition rates above 25 kHz. For a lower repetition rate, multi-photon events could
happen for the single photon counter. Instead, a boxcar average or lock-in amplifier
could be used to detect SHS signals from a PMT. Nevertheless, the detections with
the single-pixel PMT only measure single signal at one wavelength. As a result, a
multi-pixel CCD detector has a higher sampling efficiency for a spectrum than the
single-pixel PMT detection systems.
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Figure 2-4. Comparison of the SNRs of the PMT plus SPC with those of the CCD
for coherent SHS signals of aerosol particles generated by 1.0 M NaCl solutions
mixed with 20 µM crystal violet under four lasers of different repetition rates,
including 25 kHz, 100 kHz, 1 MHz, and 80 MHz, respectively. The SNRs were
calculated from Equation (2.3). The pulse energies for the 25 kHz, 100 kHz, and 1
MHz lasers were kept at 1 µJ. The pulse energy for the 80 MHz laser was kept at 10
nJ. The SNRs of the SHS signals were based on an integration of 1 s.
2-4-4 Detection Sensitivity of SHS Signal
The detection sensitivity of interfacial molecules has been improved by more
than two orders of magnitude from an 80 MHz to a 1 MHz laser system. The question
arises if we could detect SHS signal from single aerosol particle. Based on our
calculations as shown in Supporting Information, only 6 aerosol particles have been
measured in our experiments. The signal level of SHS from aerosol particles is 200
counts/pixel (a spectral resolution of 1 nm) at 1 MHz for 1.0 M NaCl solutions mixed
with 20 µM crystal violet. Therefore, SHS signal for single particle is readily
measured in one second with our laser and detection system. An experiment could
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be designed to monitor kinetic behaviors of interfaces at single aerosol particle.
2-4-5 Outlook for Vibrational SFS
In the case of future experiments on vibrational SFS at gas-aerosol particle
interface, an optical parametric amplifier (OPA) is required to generate an IR beam.
Considering an input power of 15 W for an OPA, a typical power at 3.5 m is on the
order of 0.14 J at 5 MHz with a conversion efficiency of 4.5%. A picosecond 1030
nm of 0.5 W is assumed to be obtained from an input femtosecond laser of 5 W at 5
MHz with a conversion efficiency of 10%. Likewise, the output powers of an IR laser
and a picosecond laser for other repetition rates are readily estimated, for given
conversion efficiencies for both the lasers. Relative SFS signal could be readily
estimated by following Equation (2.2). It was found that the lower the repetition rate
of a laser, the higher the SFS signal. However, when the repetition rate of a laser
goes to 50 kHz, the pulse energy of the picosecond visible or near-IR beam for SFS
experiments reaches up to 10 J that could get close to the threshold fluence for the
generation of measurable white light supercontinuum (focal radius=13 m, 3 ps). As
such, a good choice for vibrational SFS experiments is predicted to be a laser
repetition rate near 50 kHz. Now, let us compare 𝜒 (2) for a typical electronic
chromophore and a typical vibrational mode in Equation (2.1). The 𝜒 (2) is simplified
to be the product of the hyperpolarizability (2) and interfacial density Ni. The value
of the hyperpolarizability e(2) for a typical electronic chromophores is assumed to
be 10 times that of the hyperpolarizability v(2) for a vibrational mode of a chemical
group. The occupied surface area for the electronic probe of a typical value of 200
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Å is assumed to be 5 times larger than that for the vibrational probe, leading to the
interfacial density of the electronic probe 5 times less than that of the chemical group.
Taken together, the 𝜒 (2) for the chemical group is just 2 times less than that for the
electronic probe. For given pulse energies for an IR of 2.0 J and a picosecond laser
of 10 J at 50 kHz, SFS signal from aerosol particles is supposed to be measurable.
Therefore, it is plausible to implement “label-free” vibrational SF scattering at gasaerosol particle interface.
2-5. Conclusion
In summary, we have presented in situ analysis of molecules at gas-aerosol
particle interface by developing nonlinear second harmonic scattering technique.
This development has included as follows: 1) Optimization for a more effective
femtosecond laser system in the generation of SHS from aerosol particles. We have
examined different femtosecond laser repetition rates from 80 MHz, 1 MHz to the
lower repetition rates down to 25 kHz at 1030 nm for the generation of SHS from
gas-aerosol particle interface. Our theoretical considerations predicted that a
repetition rate of near 5 MHz produces the largest SHS signal of aerosol particles.
Our experimental results are in agreement with the predictions; 2) Exploration of an
optimal detector for second harmonic scattering of aerosol particles. Both a CCD
detector and a single photon counter have been proven to detect the interfacial second
harmonic scattering signal. The CCD detector is a more effective option for the
detection of second harmonic scattering and could greatly reduce sampling time of
the interfacial responses; 3) Combination of the optimal laser system with the CCD
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detector has greatly improved the detection sensitivity of interfacial molecules by
more than two orders of magnitude and could potentially detect interfacial SHS from
single aerosol particle. We believe that this work is beneficial to the second harmonic
scattering technique as well as the development of a new vibrational sum frequency
scattering technique for chemical structures at gas-aerosol particle interface.
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2-7. Appendix: Supporting Information
1. Second Harmonic Scattering (SHS) Measurements.
A schematic of an experimental setup for our SHS measurements is shown in
Figure 2-1. The experimental setup includes three units, including generation unit
for SHS, generation and handling unit for aerosol particles, and collection and
detection unit for SHS signal.
1) Generation unit for SHS. A 10 W single-unit integrated femtosecond laser
system (PHAROS, Light Conversion) with a seed oscillator was used in our
experiments. The femtosecond laser was centered at a fixed wavelength of 1030 nm,
with a tunable repetition rate from a single shot to 1 MHz (290 fs). An 80 MHz 1030
nm laser (60 fs) from the seed oscillator with an output power of 1 W was also
configured for SHS experiments. The lasers were directed to focus onto a flow of
aerosol particles by a lens (a diameter of 1 inch, a focal length of 10 cm).
2) Generation and handling unit for aerosol particles. A bulk solution of 1.0
M NaCl acted as a seed solution for the generation of aerosol particles in our
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experiments. Aerosol particles were generated by compressing nitrogen gas at a
pressure of 40 psi with a constant output atomizer (TSI 3076). The seed solution was
drawn by the nitrogen gas with a controlled rate of 4 liter per minutes. An optical
particle sizer (TSI 3330, detection size of > 300 nm) together with a nanoparticle
sizer (TSI 3910, detection size of 10-300 nm) were used to measure size distribution
of the laboratory-generated aerosol particles. The aerosol particles were diluted 100
times by an aerosol diluter (TSI 3332) before the sizers. The size of the aerosol
particles is mainly centered at ca. 60 nm with a broad distribution of ca. 120 nm (Full
width at half maximum), as shown in Figure A2-1. The total number density
distribution was estimated to be ca 2.1  106 particles per cm3 from the number
distribution. A well-sealed chamber with a footprint area of 40 cm  30 cm and a
height of 30 cm was built to prevent aerosol particles from leakage. In addition, a
pump with a controllable rate was used to exhaust aerosol particles after experiments
in order to avoid accumulation of particles in the chamber.
3) Collection and detection unit for SHS signal. A lens of 2-inch diameter
aperture with 2 cm focal length was used in a forward geometry to collect SHS
signals directly into a spectrometer. As such, SHS signal of a scattering angle of
almost 60 degrees was collected in our SHS measurements. A spectrometer (Acton
300i, Princeton Instruments) equipped with a charge coupled device (Princeton
Instruments, LN/CCD-1340/400) or a photomultiplier tube (PMT, Hamamatsu,
H11901-20) constituted the SHS detection system. A WinSpec program was used to
record spectra from the CCD. A single photon counter was used to record data from
the PMT with a fast current amplifier (Stanford Research Systems, SR400). A
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LabVIEW program was compiled to communicate the single photon counter
(Stanford Research Systems, SR440) with a computer. Two short-pass filters with a
cutoff wavelength of 900 nm and the spectrometer separated SHS photons from the
fundamental 1030 nm beam and any background signal.
2. Chemical structure of crystal violet
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3. Aerosol number distribution

Figure A2-1. Aerosol number distribution generated from a seed solution of 1.0 M
NaCl, plotted against the logarithm of the diameter of the particles. The number
distribution was taken after 100 times dilution of the original aerosol particles from
the atomizer. Dp represents the diameter of a particle.
4. Theoretical Predictions
Table A2-1. Relative SHS signals calculated from the product of pulse energy I1 and
average power P1. An estimated maximum pulse energy of 1000 nJ was applied for
the repetition rates lower than 1 MHz. For a laser of 80 MHz, an estimated maximum
pulse energy is assumed to be provided commercially.
80 MHz

5 MHzc 2 MHzc

1 MHz

100 kHz 25 kHz

I1 (nJ)

10a

1000

1000

1000b

1000b

1000b

P1 (mW)

800a

5000

2000

1000b

100b

25b

1.0105

2.5104

Relative
SHS signal
(nJmW)
a

0.8104

5.0106 2.0106 1.0106

An estimated maximum pulse energy that can be provided commercially
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b

An estimated maximum pulse energy that can be used

c

These repetition rates that are imagined for comparison

5. Detection sensitivity of SHS signal
It seems that the combination of a laser repetition rate of 5 MHz and the CCD
detector is an optimal option for the detection of SHS signal. The detection sensitivity
of interfacial molecules has been improved by more than two orders of magnitude
from an 80 MHz to a 1 MHz laser system. The question arises if we could detect
SHS signal from single aerosol particle. To answer this question, we attempt to
calculate particle numbers detected in our measurements. To obtain how many
aerosol particles were detected in one second, a focal volume should be known. First,
the Rayleigh length of the focus is given by
𝑅=

𝜋×𝜔 2

(A2.1)

𝜆

where R is the Rayleigh length, 𝜔 is the beam waist radius, and 𝜆 is the wavelength
of laser. 𝜔 is 13 µm and R is 440 µm in length. The focal volume (V) in our
experiments is the sum of two truncated circular cones. Thus, the number of aerosol
particles (N) within the focal volume can be calculated as
1

2

𝑁 = 𝑓 × 𝑉 = 𝑓 × 2 × 3 𝜋𝑅 [(√2𝜔) + √2𝜔 × 𝜔 + 𝜔2 ]

(A2.2)

where ƒ is the number density of aerosol particles. Substituting all the known values
of f, R, and 𝜔, only 6 aerosol particles have been measured in our experiments. The
signal level of SHS from aerosol particles is 200 counts/pixel (a spectral resolution
of 1 nm) at 1 MHz for 1.0 M NaCl solutions mixed with 20 µM crystal violet.

61
Therefore, SHS signal for single particle is readily measured in one second with our
laser and detection system. An experiment could be designed to monitor kinetic
behaviors of interfaces at single aerosol particle.
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CHAPTER III
INTERFACES OF GAS-AEROSOL PARTICLES: RELATIVE HUMIDITY AND
SALT CONCENTRATION EFFECTSb
3-1. Abstract
The growth of aerosol particles is intimately related to chemical reactions in
gas phase, particle phase, and gas-aerosol particle interfaces. While chemical
reactions in gas and particle phases are well documented, there is very little
information regarding interface-related reactions. The interface of gas-aerosol
particles not only facilitates a physical channel for organic species to enter and exit,
but also provides a necessary lane for culturing chemical reactions. The physical and
chemical properties of gas-particle interfaces have not been studied extensively, nor
have the reactions occurring at the interfaces been well researched. This is mainly
due to the fact that there is a lack of suitable in-situ interface-sensitive analytical
techniques for direct measurements of interfacial properties. The motivation behind
this research is to understand how interfaces play a role in the growth of aerosol
particles. We have developed in-situ interface-specific second harmonic scattering
to examine interfacial behaviors of molecules of aerosol particles under different
relative humidity (RH) and salt concentrations. Both the relative humidity and salt

b
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concentration can change particle size and phase of aerosol. RH not only varies the
concentration of solutes inside aerosol particles, but also changes interfacial
hydration in local regions. Organic molecules were found to exhibit distinct
behaviors at the interfaces and bulk on NaCl particles under different RH levels. Our
quantitative analyses showed that the interfacial adsorption free energies remain
unchanged while interfacial areas increase as relative humidity increases.
Furthermore, surface tension of NaCl particles decreases as RH increases. Our
experimental findings from the novel nonlinear optical scattering technique stress the
importance of interfacial water behaviors on aerosol particles in the atmosphere.
3-2. Introduction
Atmospheric aerosols are a colloidal system of tiny solid and/or liquid
particles in the air. Such aerosol particles play an important role in atmospheric
chemistry and climate uncertainty.1, 2 The growth of aerosol particles is intimately
related to chemical reactions in gas phase, particle phase, and gas-aerosol particle
interfaces.1, 3-10 All the three phase reactions could become critical steps in the growth
of aerosol particles, depending on relative humidity, temperature, local environments
such as urban, forest, or marine conditions, and so on.11-23 While the chemical
reactions in gas phase and particle phase are well documented, interface-related
information of aerosol particles is lacking.
The gas-particle interfaces are a localized region in which both organic and
inorganic species are highly enriched. They are anticipated to exhibit distinct
physical and chemical properties from those in both the gas and particle phases.
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Hydrophobic organic species preferentially adsorb onto gas-particle interfaces from
bulk particle phases. On the other hand, volatile organic compounds in gas phase
tend to uptake into particle phases and partially remain on gas-particle interfaces.
The gas-aerosol interfaces experience gas-phase diffusion, interfacial transport, and
particle-phase diffusion in order to achieve gas-particle partitioning equilibrium. The
interface of gas-aerosol particles not only facilitates a physical channel for organic
species to come in and go out, but also provides a necessary lane for culturing
chemical reactions.1, 3, 4, 7, 10, 24-26 However, despite the significance of the gas-aerosol
interfaces, the physical and chemical properties of the gas-particle interfaces have
not been probed directly, not to mention interfacial chemical reactions and dynamics.
The main reason lies in the fact that there is a lack of suitable in-situ interfacesensitive analytical techniques for the direct measurements of interfacial properties.1,
27

Second harmonic generation (SHG) and sum frequency generation (SFG)
have been proven to be effective for investigations of liquid or solid planar
surfaces.28-41 Recently, Geiger and co-workers employed SFG to characterize surface
species of atmospheric aerosols particles collected from different fields.17, 30, 42 These
early efforts demonstrated that SFG could probe interfacial structures of aerosol
particles from different fields and locations. However, aerosol particles could
experience loss of physical and chemical properties in the process of collection,
transportation, and handling. Thus, probing interfaces of aerosols suspended in gases
becomes imperative in real time, to some extent. On the other hand, second harmonic
scattering (SHS) and sum frequency scattering (SFS) have been developed for
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28, 43-50

surfaces of micro to nanometer size particles suspended in liquids.

We recently

extended the SHS method into in-situ probe of the gas-aerosol particle interface.51
This earlier report showed the first measurement of interfacial population of
molecules from suspended aerosol particles with the particle density of 107 per cm3
and the particle size around 100 nm. More lately, we have improved detection
sensitivity by 4 orders of magnitude by implementing efficient detectors and
effective light sources for nonlinear optical scattering.52 Now our detection limit
could reach particle density of 103 per cm3, which is close to real atmospheric settings.
In this work, we further examine how relative humidity and salt concentration affect
adsorption abilities of organic molecules at the gas-aerosol interface.
The motivation behind this research was to understand how interfaces play a
role in the growth of aerosol particles as relative humidity and bulk salt concentration
are varied. Both the relative humidity and salt concentration can change particle size
and bulk phase of aerosol. As far as relative humidity is concerned, its change is
related to the deliquescent point and size of internally mixed aerosols diameter in
bulk as well as particle optical properties from the gas-aerosol interface.13, 53-56 As
relative humidity gradually increases around aerosol particles, solid salt particles
absorb water and grow up in size and weight. When RH is greater than deliquescence
point, these wet particles continue to pick up more water to become a homogeneous
solution particle. The salt concentration inside of aerosol particles could impact
surface tension of particles. Surface tension of aerosol particles is assumed to be
critical in activating to form cloud droplets, which cannot be assessed experimentally
with up-to- date methods. The particle size change could affect the surface area of
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aerosol particles. A legitimate question arises how water activity of aerosol particles
influences the ability of facilitating molecules of the gas-aerosol interface. It is
known that increase in salt concentration in bulk solution causes salt-out effect,
thereby decreasing solubility of solute in bulk solution. Prior studies on how
interfacial adsorption of organic molecules is affected by salt concentration, were
limited to the air/water interface or oil/water interfaces,16, 33, 57-68 not to mention
relative humidity effects of molecular adsorption at any interfaces. As we show in
this work, interfacial properties change as relative humidity varies.
3-3. Experimental Section
3-3-1 Second Harmonic Scattering (SHS) Measurements
A schematic of the experimental setup for our second harmonic
measurements is shown in Figure 3-1A. The experimental setup includes three
components, the laser source, particle generation and handling, and signal
collection and detection, as referenced in our previous work.51-52
1) Laser source. A 10 W femtosecond laser system (PHAROS, Light
Conversion) was used in our experiments. The femtosecond laser was centered at a
fixed wavelength of 1030 nm, with a tunable repetition rate from a single shot to 1
MHz (290 fs). A 1 MHz repetition rate was used in our experiments alongside a lens
of a focal length of 10 cm, directed to focus onto a flow of aerosol particles.
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Figure 3-1. (A) Experimental setup for SHS measurement of the density of organic
molecules (DIA-4) adsorbed to aerosol surface and surface adsorption onto aerosol
particles. Atomizer generates the aerosol particles. Humidity controller is used to
change the humidity of aerosol particles. (B) Two-photon emission spectra from 500
nm to 765 nm for aerosol particles (red curve) and bulk solution (blue curve) from
the same solution of 1.0 M NaCl in the presence of 7 μM DIA-4. The inset is the
magnification of the curves.
2) Particle generation and handling. A solution of NaCl acted as a seed
solution for the generation of aerosol particles in our experiments. Aerosol particles
were generated by compressing nitrogen gas at a pressure of 40 psi with a constant
output atomizer (TSI 3076). The seed solution was drawn by the nitrogen gas with a
controlled rate of 4 L/min. An optical particle sizer (TSI 3330, detection size of >
300 nm) together with a nanoparticle sizer (TSI 3910, detection size of 10-300 nm)
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were used to measure size distribution of the laboratory-generated aerosol particles.
The aerosol particles were diluted 100 times by an aerosol diluter (TSI 3332) before
the sizers. The size of the aerosol particles is mainly centered at ca. 60 nm with a
broad distribution of ca. 120 nm (Full width at half maximum). The total number
density distribution was estimated to be ca 2.1  106 particles per cm3 from the
number distribution. A well-sealed chamber with a footprint area of 40 cm  30 cm
and a height of 30 cm was built to prevent aerosol particle leakage. In addition, a
pump with a controllable rate was used to exhaust aerosol particles after experiments
in order to avoid accumulation of particles in the chamber.
3) Signal collection and detection. A lens of 2-inch diameter aperture with 2
cm focal length was used in a forward geometry to collect SHS signals directly into
a spectrometer. As such, SHS signal of a scattering angle of almost 60 degrees was
collected in our SHS measurements. A spectrometer (Acton 300i, Princeton
Instruments) equipped with a charge coupled device (Princeton Instruments,
LN/CCD-1340/400) constituted the SHS detection system. A WinSpec program
from Princeton Instruments was used to record spectra from the CCD. Two shortpass filters with a cutoff wavelength of 900 nm and the spectrometer separated SHS
photons from the fundamental 1030 nm beam and any background signal.
To control relative humidity of aerosol particles, a home-built humidity
controller was made. Aerosol particles were generated by dry nitrogen gas with 4
L/min flow rate. Relative humidity for as-prepared aerosols was higher than 90%
RH. The as-prepared aerosol particles were passed through silica gel drier (290 mm
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long, 64 mm inner diameter) to keep aerosol particles less than 30% relative
humidity. After that, RH for aerosol particles was increased by a humidifier, which
was composed of permeable Teflon tubing (Zeus, Inc.) with a 6 mm O.D., which was
located inside a copper tube of a 13 mm O.D. and 200 mm long. The gap between
the copper tube and the Teflon tube was filled with ultrapure water. The copper tube
was covered with heating tape to control external temperature in order to be kept at
desired stationary temperatures for each different relative humidity using a feed-back
looped temperature controller and a thermocouple. The relative humidity was
monitored by humidity transmitter (HX200 series, OMEGA Engineering, Inc.).
3-3-2 Chemicals
To investigate interfacial responses of aerosol particles, we used a SHGactive dye as an indicator. The choice of dye has to be interface-active, meaning that
the dye has to be populated at the gas-aerosol interface. Trans-4-[4(Dibutylamino)styryl]-1-methylpyridinium iodide (DIA-4) was chosen to meet the
requirements. DIA-4 was purchased from Sigma-Aldrich as received. Ultrapure
water of 18.2 MΩ·cm was used in our experiments. NaCl (Fisher Chemical) was
baked at 600 °C for 10 h prior to use.
3-4. Results and Discussion
SHS from gas-aerosol particle interfaces radiates coherently due to a fixed
phase relationship from dipoles located on the particles,44 whereas hyperRayleigh
scattering (HRS) from bulk diploes contributes to incoherent second-order responses
originating

from

instantaneous

non-centrosymmetric

breaking

of

density
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fluctuations. Both the coherent SHS and incoherent HRS are two-photon processes,
of which energy is in the same region of a double frequency (2𝜔) for experimental
measurements for a given fundamental light frequency ( 𝜔) . Even though the
coherent SHS responses are proportional to the second power of interfacial dipole
densities and the incoherent HRS signal is simply proportional to bulk dipole
densities, it is hard to differentiate one from the other. In an effort to prove if twophoton emission at the 2 𝜔 comes from coherent SHS, we used two-photon
fluorescence (TPF) as a reference.51-52 Since both TPF and HRS are two photon bulk
processes, their signals are proportional to the solution concentration. The ratio of
HRS to TPF for a given sample remains the same if only bulk contributes to twophoton emissions. Thus, the ratio of signal at a double frequency (2𝜔) to TPF will
be used as a benchmark to justify if the signal at 2𝜔 comes from bulk or interfaces.
To verify if the gas-aerosol interface generates the SHS signal, two-photon
emission experiments for aerosol particles were carried out under 1030 nm
photoexcitation. Control experiments were also performed for solution under the
same experimental conditions. Both the aerosol particle and solution were from the
same stock solution of 1.0 M NaCl in the presence of 7 μM DIA-4. Figure 3-1B
presents the two-photon emission spectra from 500 nm to 765 nm for aerosol
particles (red curve) and the solution (blue curve). Both curves exhibit a broad peak
centered at 620 nm, which can be attributed to two-photon florescence of DIA-4. To
assign the sharp peaks signal at 515 nm for the aerosol particles and solution, we
compared their ratios with respect to TPF. The signal at 515 nm for the solution of
DIA-4 is much smaller than the TPF signal at 620 nm, which has an intensity ratio
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of 2.28 × 10 . On the other hand, the signal for the aerosol particles at 515 nm is
much larger than the TPF signal at 620 nm, which has an intensity ratio of 4.40. The
large signal at 515 nm from the aerosol particles could not be from their particle
phase since the amount of DIA-4 in the particle phase is much less than that in the
solution. Therefore, the signal at 515 nm from the aerosol particles must be attributed
to coherent SHS from the gas−aerosol particle interface.

Figure 3-2. (A) Coherent SHS spectra from the gas-aerosol particle interfaces under
two different RHs of 40% and 90%. The aerosol particles were generated by a same
solution of 1.0 M NaCl with 20 μM DIA-4. The two-photon emission spectra show
that the aerosol particles at 40% RH have the lower SHS signal on the gas−aerosol
particle interface and the larger TPF signals from particle phase than those at 90%
RH. (B) SHS isotherms of aerosol particles for different NaCl concentrations
solutions of 0.1 M, 0.5 M, and 1.0 M with increasing DIA-4 concentration.
Knowing that DIA-4 molecules are populated at the gas-aerosol particle
interface, we now must investigate how relative humidity affects interfacial
behaviors of the aerosol particles. Two-photon emission experiments for DIA-4 from
aerosol particles were carried out under two different RHs of 40% and 90%. Figure
3-2A shows that two-photon emission spectra are distinct under the two RHs for
aerosol particles generated from 1.0 M NaCl with 20 μM DIA-4. In the case of
interfacial responses of aerosol particles, SHS signal at 40% RH was found to be
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lower than that at 90% RH. On the other hand, TPF signal is larger than at 40% RH
than that at 90% RH in the particle phase. These results suggest that interfacial
behaviors and bulk responses are significantly different for dry and wet aerosol
particles as RH changes.

Figure 3-3. (A) Hygroscopic growth of pure NaCl particles as a function of relative
humidity.54 The NaCl particles grow up much slowly in weight until 75% RH. Above
that point, the NaCl particles grow continuously with increasing RH. (B) & (C) The
SHS at 515 nm and TPF at 620 nm as a function of DIA-4 concentration in 1.0 M
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NaCl solution for the aerosol particles at higher RHs of 80 % and 90 %, respectively.
(D) & (E) The SHS at 515 nm and TPF at 620 nm as a function of DIA-4
concentration in 1.0 M NaCl solution for the aerosol particles at the lower RHs of
40 % and 50 %, respectively.
To understand how salt concentration affects adsorption ability of organic
molecules at the gas-aerosol interface, SHS experiments were carried out for aerosols
generated from different concentrations of NaCl solutions. The coherent SHS of
aerosol particles were taken as a function of concentrations, so-called SHS isotherms.
Figure 3-2B compares three SHG isotherms of DIA-4 for aerosols by three different
concentrations NaCl solutions, including 0.1 M, 0.5 M, and 1.0 M, at the relative
humidity of 85%. The three SHS isotherms are nearly identical. These aerosols have
a similar interfacial binding constant, independent of salt concentrations in particle
phase.
It is known that NaCl aerosol particles undergo phase transitions under
different relative humidity.54 A deliquescent point for NaCl particles occurs at RH of
75%.54 Above the deliquescent point, only liquid phase occurs in NaCl aerosol
particles. As RH decreases, aerosol particles lose their mass by water evaporation.
Below the deliquescent point, both solid and liquid phases co-exist in NaCl aerosol
particles. Hygroscopic growth of pure NaCl particles as a function of relative
humidity is sketched in Figure 3-3A. To further investigate how water vapor affects
interfacial molecular population of aerosols, we chose two regions, one below the
deliquescence point and the other above the deliquescence point. In the region below
the deliquescence point, two RHs of 40% and 50% were examined. In the case above
the deliquescence point, two RHs of 80% and 90% were tested. The intensity ratios
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between SHS and TPF are 1.35 at 80% RH, and 2.07 at 90% RH. The SHS isotherm
measurements were carried out under the four different RHs of DIA-4 at the gasaerosol interface. Figure 3-3B & 3-3C compare the SHS at 515 nm and TPF at 620
nm as a function of DIA-4 concentration in 1.0 M NaCl solution for the aerosol
particles at the higher RHs of 80 % and 90 %. The SHS isotherms show typical
adsorption behaviors at interfaces above the deliquescent point. In this region, TPF
intensities exhibit a linear relation with increasing concentration as expected. Figure
3-3D & 3-3E compare the SHS at 515 nm and TPF at 620 nm as a function of the
DIA-4 concentration in 1.0 M NaCl solution for the aerosol particles below the
deliquescent point. Below the deliquescent point, the SHS isotherms show typical
adsorption behaviors at interfaces with RHs of 40% and 50%. The intensity ratios
between SHS and TPF are 0.13 at 40% RH, and 0.12 at 50% RH. Interestingly, TPF
intensities were found to vary nonlinearly with increasing concentrations of DIA-4,
showcasing DIA-4’s sensitivity to changes in environment.69-71 These nonlinear
responses might arise from saturation of DIA-4 in NaCl particles when water
contents get smaller. Relative humidity affects actual vapor pressure around aerosol
particles. Thermodynamically, RH determines the concentration of salt in aerosols.
A lower RH below the deliquescence point leads to a higher salt concentration of
aerosols.13, 53-54 Moreover, relative humidity could impact interfacial water activities
of aerosols from our SHS measurements, thereby modulating the interfacial
population of organic molecules on the particles. Our results suggest that RH not
only varies the concentration of solutes inside aerosol particles, but also changes
interfacial hydration in local regions.
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To quantitatively reveal adsorption of organic molecules at the gas-aerosol
particle interface, we start to introduce a basic principle of coherent SHS. Coherent
SHS intensity (ISHS) is related to interfacial electric field, ESHS, which is given by29,
33, 72

𝐼𝑆𝐻𝑆  |𝐸𝑆𝐻𝑆 |2

(3.1)

Interfacial electric field is proportional to interfacial density Ns. Assuming
that interfacial population follows a Langmuir model, the interfacial electric field is
expresses as follows,43, 60, 67-68, 72-74
𝐸𝑆𝐻𝑆  𝑁𝑠 

𝐾𝑐𝑁∞
𝐾𝑐+1

(3.2)

where K represents the equilibrium constant of the interfacial adsorption, 𝑐 the
concentration of DIA-4 in solution, and 𝑁∞ interfacial maximum adsorption site. For
an estimated surface area of 40 Å2 per DIA-4 molecule, a single aerosol particle of
100 nm could host a maximum number of ca. 1.57 × 104 DIA-4 molecules for one
monolayer at the interface. Recent studies show that concentration of a molecule
could exceed several times its saturation concentration.75 Even so, the DIA-4
molecules are highly enriched at the gas-aerosol particle interfaces.
In an effort to examine interfacial adsorption behaviors under the four
different RHs, we attempted to extract interfacial adsorption equilibrium constants
for them with Equation (3.2). The K values for the interfacial adsorption constants
under the RHs of 80% and 90% below the deliquescent point of NaCl particles, were
found to be similar, which are 9.32 ± 1.45 and 10.08 ± 1.22 μM-1, respectively. Above
the deliquescent point, the values for the interfacial adsorption constants under the

76

RHs of 40% and 50% are 6.46 ± 1.65 and 8.40 ± 1.26 μM , respectively. The
-1

interfacial adsorption free energies for the four RHs were calculated, according to
∆G = -RTlnK/55.5.60, 72 Figure 3-4A presents the interfacial adsorption free energies
for the four RHs from our experiments. The values of ∆G remain almost constant
with increasing RHs, suggesting that the interfacial driving forces for an aerosol
particle are similar under different RHs. In Equation (3.2), we mentioned the
interfacial maximum adsorption site 𝑁∞ but could not obtain it directly. However,
we could calculate relative interfacial maximum adsorption site 𝑁𝑅 as a function of
RH shown in Figure 3-4B, The NR is defined as follows,
𝑁

𝑁𝑅 = 𝑁 𝑠

∞

(3.3)

The 𝑁𝑅 becomes larger as RH increases. From 40% to 90% RH, the
accessible adsorption sites increase by a factor of 2. This change in the 𝑁𝑅 is
intimately related to the increase in the area of aerosol particles with increasing RH.
Our SHS results directly provide information about both the interfacial driving force
and size of aerosol particles.
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Figure 3-4. (A) The interfacial adsorption free energy (∆G) of DIA-4 at the gasaerosol particle interface obtained from the SHS isotherms from Figure 3-3 as a
function of RH for NaCl aerosol particles. (B) Relative interfacial maximum
adsorption site 𝑁𝑅 as a function of RH.
While it is too early to correlate our experimental results with the atmospheric
activity of cloud condensation nucleus (CCN), it is still necessary to tentatively
explain how interfacial information obtained from our laboratory is related to
atmospheric events. CCN activity is a complex function of aerosol size, shape, and
chemical composition, and is an important metric for investigating aerosol impacts
on climate and the environment. Activation is necessary to form a cloud droplet from
an aerosol particle and is assumed to occur as soon as a wetted particle grows beyond
its critical radius. The activation of aerosol particles into cloud droplets requires
surface tension of atmospheric particles in addition to the Raoult’s term describing
the surrounding water vapor. However, there is no method or instrument capable of
measuring these parameters of aerosol particles, namely surface tension of aerosol
particles. The Köhler theory connects the equilibrium size of a hygroscopically
grown solution particle with the water vapor saturation at its interface (Sd)53, 76
𝑆𝑑 = 𝑄𝐾 𝑎𝑤

(3.4)

where 𝑄𝐾 is the Kelvin term and aw is the Raoult term related to water activity. The
Raoult term remains almost constant in our case since DIA-4 has low vapor pressure.
Here we focus only on the Kelvin term. A particle of liquid in its own vapor will
result in a convex liquid interface with the vapor. The Kelvin term depends critically
on the surface tension of the particle 𝜎𝑠 . The size of the particle dd in the Kelvin term
accounts for the curvature of the particles. It is furthermore composed of the
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molecular weight of water Mw, the ideal gas constant R, the temperature T, and the
density of water 𝜌𝑤 .44, 65
4𝑀 𝜎

𝑄𝐾 = exp (𝑅𝑇𝜌𝑤 𝑑𝑠 )
𝑤 𝑑

(3.5)

According to a university standard edition physical chemistry textbook,77-78
surface tension is given by
𝜕𝐺

𝜎𝑠 = (𝜕𝐴 ) 𝑇,𝑃

(3.6)

𝑤

where G is free energy, and Aw the molar surface area of particle for given
temperature (T) and pressure (P). From our measurements, ∆G values remain
unchanged, and the areas Aw increase with varying RH. The 𝜎𝑠 qualitatively
decreases with increasing RH. Aerosol particles of higher RH have larger growth
factor and thereby decrease surface tension. Hydrophobic molecules should prefer to
activate into cloud droplets with a decrease in surface tension of atmospheric
particles.
The surface tension of an aqueous solution 𝜎𝑠 can be further approximated
as74
𝑅𝑇

𝑎𝑠

𝜎𝑠 = 𝜎𝑤 + 𝐴 ln 𝑎𝑤𝑏
𝑤

(3.7)

𝑤

where 𝜎𝑤 is the surface tension of pure water, 𝐴𝑤 is the molar surface area of the
𝑠
𝑏
particle, 𝑎𝑤
is the water activity in the surface, and 𝑎𝑤
is the water activity in the
𝑠
bulk. Surface tension of aerosol particles decrease, suggesting that 𝑎𝑤
is less than
𝑏
𝑎𝑤
. In other words, interfacial water activity is smaller than bulk water activity,
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however, there is no explicit expression for interfacial water activity reported in the
literature. Interfacial water exists in a few layers to nm region on aerosol particles.
Macroscopically, interfacial water activity reflects the ability for facilitation of alien
molecules, which is related to surface tension. Interfacial water has significant effects
on surface tension and accommodation ability of both organic and inorganic species.
The degree of hydration and the number of water molecules in the first hydration
shell of the interfacial solute molecules of the gas-aerosol particle are expected to be
different from those at the planar gas/water interface.
The Extended Aerosol Inorganic Model (E-AIM) is often used to calculate
surface tension under different relative humidity of aerosol particles.26 The chemical
system for this model consists of a gas phase, inorganic and organic solids phase,
and two liquid phases. One of the liquid phases is aqueous and the other phase is
hydrophobic. The aqueous phase can contain both inorganic electrolytes and
dissolved organic compounds, whereas the hydrophobic phase can contain only
organic compounds. The surface tension of the aqueous phase, including organic
solutes, could be calculated using the model of Dutcher et al.79 However, this model
assumes that all solutes have to be fully mixed within the aqueous phase. Therefore,
the E-AIM model is not suitable for "surface active" compounds that concentrate at
the gas-aerosol particle interface, such as DIA-4 molecules in our work.
Taken together, we proposed a schematic of interfacial behaviors of
molecules for aerosol particles in Figure 3-5. This schematic displays interfacial
population of organic species onto aerosol particles of different salt concentration
with varying RH. For a given RH, interfacial adsorption ability of organic species

80

remains almost the same as concentrations of sodium chloride solution change.
Furthermore, interfacial adsorption ability of organic species remains constant as RH
varies as well. Surface tension decreases as RH increases, which accompanies an
increase in size for aerosol particles.

Figure 3-5. A schematic of interfacial behaviors of organic species on aerosol of
different NaCl concentrations with varying RH. Surface tension onto aerosol
particles decreases with increasing RHs. The interfacial adsorption ability remains
almost the same as NaCl concentrations increase.
3-5. Conclusion
We have demonstrated in situ detection of organic species at gas-aerosol
particle interfaces by developing second harmonic scattering technique. This novel
nonlinear optical scattering method has enabled us to reveal interfacial behaviors of
organic species of aerosol particles in real time. Interfacial population of organic
species have been examined under different concentrations of NaCl and different
relative humidity. It has been found that organic species, DIA-4 molecules, exhibit
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distinct behaviors at the interfaces and bulk on NaCl particles under different relative
humidity. Our quantitative analyses have shown that the interfacial adsorption free
energies remain unchanged and interfacial areas increase as relative humidity
increase, as well as surface tension of NaCl particles decrease as RH increases. Our
experimental findings from the novel technique stress the importance of interfacial
water activity on aerosol particles. We believe that these preliminary results could
deepen the understanding of activation of cloud condensation activities in the
atmosphere and will be important to account for when modeling the activation of
aerosol particles to cloud droplets.
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CHAPTER IV
IN SITU SPECTROSCOPIC PROBING OF POLARITY AND MOLECULAR
CONFIGURATION AT AEROSOL PARTICLE SURFACESc
4-1. Abstract
The growth of aerosol particles in the atmosphere is related to chemical
reactions in gas phase, particle phase, and at aerosol particle surfaces. While
researches in the gas and particle phases of aerosols are well documented, physical
properties and chemical reactivities at aerosol particle surfaces have not been studied
extensively but have long been recognized. In particular, in situ measurements of
aerosol particle surfaces are just emerging. The main reason is a lack of suitable
surface-specific analytical techniques for direct measurements of aerosol particles
under ambient conditions. Here we develop in situ surface-specific electronic sum
frequency scattering (ESFS) to directly identify spectroscopic behaviors of
molecules at aerosol particle surfaces. As an example, we applied an ESFS probe,
malachite green (MG). We examined electronic spectra of MG at aerosol particle
surfaces and found that the polarity of the surfaces is less polar than that in bulk. Our
quantitative orientational analysis shows that MG is orientated with a polar angle of
25-35 at the spherical particle surfaces of aerosols. The adsorption free energy of

c
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MG at the aerosol surfaces was found to be -20.75 ± 0.32 kJ/mol, which is much
lower than that at the air/water interface. These results provide new insights into
aerosol particle surfaces for further understandings of the formation of secondary
organic aerosols in the atmosphere.
4-2. Introduction
Understanding of the formation of secondary organic aerosols (SOAs) is an
important scientific challenge in climate uncertainty that is crucial to accurately
estimate the environmental impact of future energy options, atmospheric chemistry,
air quality, and human health.1-8 In the formation of SOAs, organic materials are a
ubiquitous component and often comprise 10 to 90% of fine aerosol mass.4-5, 8 The
organic-constituted atmospheric aerosols tend to consist of one or more liquid, solid,
or semisolid particles.1 The growth of these different types of particles is intimately
related to physical properties and chemical reactions in gas phase, particle phase, and
at aerosol particle surfaces. Researches in the gas and particle phases of aerosol have
been well documented.1-8 On the other hand, physical properties and chemical
reactions at aerosol particle surfaces have not been studied extensively.
Increasing evidence showed that naturally-occurring organic materials reside
preferentially at aerosol particle surfaces.3, 8-15 The organic materials at the surfaces
can affect atmospheric compositions by changing heterogeneous chemistry, optical
properties, and ice and cloud nucleating abilities of atmospheric aerosols.8-9, 16 The
surfaces of aerosol particles are expected to exhibit unique physical and chemical
properties. As such, the structure, mass transport kinetics, molecular-level dynamics,
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and heterogeneous chemical reactions in the surface regions of aerosol particles are
different than those of their corresponding bulks.3, 8-9, 17 Recently, tremendous efforts
have been made on physical properties and chemical reactions at aerosol particle
surfaces.8-10, 18-24 Despite these efforts, only some indirect evidence were provided
regarding the surface properties of aerosols. However, their chemical activities and
physical properties at aerosol surfaces have not been examined directly due to a lack
of suitable tools for in-situ surface-specific measurements.
Only a few techniques are available for investigating liquid surfaces,25-28 not
to mention the surfaces of liquid droplets. Second harmonic generation (SHG) and
sum frequency generation (SFG) are two of the proven surface-sensitive methods to
investigate liquid surfaces.27, 29-35 As a spectroscopic technique, SFG is anticipated
to provide vibrational structures27, 29-32, 36-58, as well as electronic characters,22, 59-75
both of which are essential to understanding chemical and physical properties of
surfaces. Several groups demonstrated the applications of the SHG and SFG
techniques into atmospheric science.37, 76-78 These pioneering works have showed
cases of the powerful surface-specific techniques. More than two decades ago,
second harmonic scattering (SHS) was developed to extend the applications of the
second order nonlinear optical techniques from planar surfaces to curved surfaces.7983

Later, vibrationally sum frequency scattering (VSFS) was further developed to

characterize vibrational chemical structures of micrometer to a few nanometers
particle surfaces suspended in liquids.47, 57, 84-86 On the other hand, the development
of electronic SFG and SHG spectroscopies has been left behind, even with
tremendous efforts.22, 59-75 For example, Shen et al. has shown interfacial electronic
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structure of molecules by tuning laser wavelengths.

64

Eisenthal et al. measured

surface polarity at the air/water interface66 and interfacial electronic transition of a
dye on TiO2 surfaces.67 Walker et al. applied interfacial electronic spectroscopy for
a molecular ruler at liquid/liquid interfaces.68 Recently, Roberts et al. applied ESFG
to analyze the interfacial structure of singlet fission-capable perylenediimide thin
films.71 Xiong et al. measured interfacial electronic spectra of different polymer
interfaces.61 Calhoun et al investigated surface electronic structure of quantum dots
using broadband ESFG microspectroscopy.70 However, an electronically sum
frequency scattering (ESFS) technique capable of probing electronic characters of
surfaces has yet to be developed.
In this work, we present the development of a novel electronic sum frequency
scattering (ESFS) technique that allows for identifying chemical species and
elucidating chemical as well as physical properties at surfaces of laboratorygenerated aerosol particles in real time. To be close to real environments for aerosols
in the atmosphere, our primary goal is to probe particle surfaces in the air directly.
Our recent attempts showed direct measurements of molecular behaviors at aerosol
particle surfaces by applying the SHS technique.72-73, 87
4-3. Experimental Section
4-3-1 Electronic Sum Frequency Scattering (ESFS) Measurements
Figure 4-1A shows a schematic of an experimental setup for our ESFS
measurements. The ESFS experimental setup was composed of four main units,
including Laser sources, beam managements, generation of particles, and detection
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of ESFS signal.

Figure 4-1. A) A schematic diagram of the beam management in ESFS experiments.
A picosecond 1027 nm and a SWIR light were non-collinearly incident on samples
at angle of 1=2 and 2=5 with respect to the X axis. The incident plane and
scattering plane are in the X-Y plane. The Z axis is perpendicular to an optical table;
B) A schematic setup for ESFS measurements for aerosol particle surfaces. The
picosecond 1027 nm was generated from a home-built pulse shaper. It was composed
of four main units, including Laser sources, beam managements, generation of
particles, and detection of ESFS signal. L1: 2’’ cylindrical lens of a 10 cm focal
length; L2: 1’’ achromatic lens of a 25 cm focal length; L3: 1’’ achromatic lens of a
10 cm focal length; L4: 2’’ achromatic lens of a 2.5 cm focal length, and L5: 2’’
achromatic lens of a 7 cm focal length; C) Aerosol number distribution generated
from a seed solution of 1.0 M NaCl, plotted against the logarithm of the diameter of
the particles. The number distribution was taken after 100 times dilution of the
original aerosol particles from the atomizer. Dp represents the diameter of a particle.
1) Laser sources. A 10 W femtosecond laser system (PHAROS, Light
Conversion) was utilized for the ESFS experiments. The fundamental light from the
femtosecond amplifier laser operated at a central wavelength of 1027 nm with a pulse
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duration of 290 fs. The repetition rate could be modulated from 1 MHz to singlet
shot with a maximum pulse energy of 200 J. A repetition rate of 100 kHz was
selected for our experiments. An 80% portion of the output power was introduced
into an optical parametric amplifier (ORPHEUS-ONE, Light Conversion) in order to
generate a wavelength-tuned short-wave IR (SWIR) light beam from 1415 nm to
1670 nm. To achieve a spectral resolution of 1.5 nm, a home-built pulse shaper was
configured to filter out a broad spectrum from the femtosecond 1027 nm laser down
to a narrow spectrum of a picosecond source,51, 62 as shown in Figure 4-1B.
2) Beam managements. The picosecond 1027 nm and SWIR light beams were
non-collinearly incident on samples at angle of 2 and 5 with respect to the X axis
as defined in Figure 4-1A. The pulse energies 4.00 µJ and 1.00 µJ were applied for
the 1027 nm and SWIR beams. Two lenses with focal lengths of 25 cm and 10 cm
were used for the 1027 nm laser and IR light beam, respectively. The diameters of
the focal spot were ~80 µm for the 1027 nm laser and ~40 µm for the SWIR beam,
resulting in high peak powers of ~79.5 GW/cm2 for the 1027 nm laser (1 ps) and
~397 GW/cm2 (200 fs) for the SWIR light beam, as calculated in the Supporting
Information. In an effort to efficiently collect ESFS signal, a 2-inch aperture lens
with a focal length of 2.5 cm was placed right after the samples. A wide collecting
angle (2θ) of ESFS signals of ~60 degrees was achieved. One 2-inch lens with a focal
length of 7 cm was used to image scattered nonlinear optical signal on the entrance
of a spectrometer with a beam dimeter of less than 100 µm in order to reach the
spectral resolution of ESFS. The polarizations of the two incident light beams were
set by half-wave plates, while the polarization of the ESFS signal was selected by a
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thin-film polarizer. The polarizations of a light perpendicular and horizontal to the
optical table were defined as S-polarized and P-polarized, respectively.
3) Generation of particles. A solution of 1.0 M NaCl was prepared as a seed
solution for the generation of particles for all of our experiments. Laboratorygenerated aerosol particles were produced by a constant output atomizer (TSI 3076)
under a N2 flow at a constant pressure of 40 psi. The flowing rate of the gas
maintained at 4 L/min. The total number density of particles was estimated to be ca.
1.7 × 106 per cm3. Figure 4-1C presents the size distribution of the laboratorygenerated aerosol particles from the seed solution of 1.0 M NaCl. The size was
centered at 60 nm and its distribution spanned from 30 nm to 150 nm. Aerosol
number distribution generated from a seed solution of 1.0 M NaCl, plotted against
the logarithm of the diameter of the particles. The number distribution was taken
after 100 times dilution of the original aerosol particles from the atomizer. Dp
represents the diameter of a particle. The size of the aerosol particles was measured
(TSI, Optical Particle Sizer 3330 and Nanoscan Smps Nanoparticle Sizer 3910). A
well-sealed chamber with a footprint of 40 cm × 30 cm × 30 cm was constructed to
ensure no leakage of aerosol particles. In addition, a pump served to exhaust the
particle flow in order not to be accumulated in the chamber.
4) Detection of ESFS signal. A spectrometer (Acton 300i, Princeton
Instruments) was assembled with a charge coupled device (Princeton Instruments,
LN/CCD-1340/400) for ESFS detection. The combination of the spectrometer and
two short-pass filters with a cutoff wavelength of 950 nm were used to separate ESFS
photons from the incident light beams and any background signals in a dark room. A

93

WinSpec program (Princeton Instruments) was employed to record all ESFS spectra
from the CCD detector. An integration time was 30 second per spectrum in our
experiments. Every spectrum was averaged for 5 times.
4-3-2 Chemicals
Malachite green (MG) was purchased from Acros Organics as received.
Ultrapure water of 18 MΩ·cm was used to prepare stock solutions in our
experiments. NaCl salt (Fisher Chemical) was baked at 600 °C for 10 h prior to use.
MG was added to the 1 M NaCl seed solution for desired concentrations in ESFS
isotherm experiments. Malachite green (MG) was chosen as an ESFS probe in our
experiments in that it is surface active with a large hyperpolarizability. More
importantly, its S0-S1 transition is resonant with the ESFS wavelength near 618 nm.
4-4. Results and Discussion
4-4-1 Coherent ESFS and incoherent sum frequency (iSF)

Figure 4-2. Emission spectra of bulk solution (red) and aerosol particles (blue) from
a same solution of 1.0 M NaCl with 200 µM MG, by mixing a picosecond 1027 nm
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laser and a femtosecond 1550 nm SWIR light temporally and spatially. ESFS:
coherent electronic sum frequency scattering; iSF: incoherent sum frequency; TPF:
two-photon fluorescence.
Similar to SHS and VSFS scatterings,47, 79, 82-83 ESFS from aerosol particle
surfaces is coherent in nature. More often than not, this coherent ESFS is always
accompanied by incoherent sum frequency emission (iSF), which arises from
instantaneous fluctuations of number density in bulk solution. Both the coherent
ESFS and incoherent iSF signals fall in a same frequency (1027nm +SWIR) that is the
sum of the two incident beams. To examine whether the signal at (1027 nm + SWIR)
comes from aerosol particle surfaces, emission spectra were taken for both aerosol
particles and bulk solution from a same stock solution when both the picosecond
1027 nm and 1550 nm SWIR beams were overlapped spatially and temporally. As
shown in Figure 4-2, the blue curve denotes emission spectrum of aerosol particles
from a seed solution of 1.0 M NaCl with 200 M MG, while the red curve represents
emission spectrum of 1.0 M NaCl bulk solution with 200 M MG. The peak at 616
nm from the sum of 1027nm and 1550nm for the red curve was attributed to bulk iSF.
The asymmetric broad peak at 695 nm for 200 M MG bulk solution was assigned
to two-photon fluorescence (TPF) due only to 1027 nm. In addition, a shoulder
appears at 624 nm was verified to be amplifier hyper-Raman of bulk water. In the
bulk, the intensity for the incoherent iSF is much weaker than that for the TPF, both
of which are proportional of the bulk density, N. On the other hand, from the aerosol
particles, the signal 616 nm (1027nm +1550nm) is much stronger than that for the TPF
at 695 nm. If the signal at 616 nm ((1027nm +1550nm) for aerosols arises from bulk
MG, the intensity ratio for the two peaks should be kept the same. It was found that
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the signal at 616 nm (1027nm +1550nm) is much larger than that at 695 nm for aerosol
particles. Therefore, we attributed the signal at 616 nm (1027nm +1550nm) for aerosol
particles to be coherent ESFS originating from MG molecules on aerosol particle
surfaces.
4-4-2 ESFS spectra of MG at aerosol surfaces
To obtain an ESFS spectrum, we tuned the SWIR light from 1415 nm to 1670
nm by setting the picosecond laser at 1027 nm. Figure 4-3A shows the SSP
polarization combination ESFS spectrum of MG at aerosol particle surfaces. A
prominent peak is located at 613 nm. As a control experiment, we measured UV-Vis
absorption spectrum of MG in 1 M NaCl solution, which shows a main peak at 618
nm. A blue shift of 5  1 nm was observed in the ESFS spectrum with respect to the
absorption spectrum of MG. Given that the dipole moment of the first excited state,
S1, in MG is bigger than that of its ground state, S0, the solvation energy of MG at
the aerosol particle surfaces is higher than that in bulk. These experimental results
suggest that the polarity of the aerosol surfaces is less polar than that of the bulk
aqueous solution.
We further compared different polarized ESFS spectra of MG at aerosol
surfaces. We tuned SWIR light beams and mixed with the picosecond 1027 nm laser
beam to obtain ESFS spectra for the same aerosol particles under different
polarizations. Figure 4-3B presents two polarized ESFS spectra (SSP and PPP) of
MG at the NaCl seeded aerosol surfaces. All of the two spectra show one main peak
at 613  1 nm, based on Equation (A4.1) (Supporting Information). Non-resonant
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contribution was found to be ca. 6%. No significant spectral shifts but different
signal levels were found in the SSP and PPP spectra. These different signal levels for
the polarized ESFS suggest that MG molecules are oriented with certain ordering at
the aerosol particle surfaces.

Figure 4-3. A) Polarization-dependent ESFS spectra of MG from aerosol particles
from 1.0 M NaCl solution mixed with 14 mM MG as compared with UV-Vis
absorption of MG in bulk solution (solid line). The solid lines (black) are fitted results
by using Equation (A4.1). SSP: red solid circle; PPP: blue solid square; B)
Orientational configuration of MG at an aerosol particle surface. 𝜃 is defined as a
polar angle of the axis c, which is perpendicular to the molecular symmetric axis a
of MG.
4-4-3 Orientational configuration of MG at aerosol surfaces
We further carried out orientational analysis of MG at the surfaces of aerosol
particles. MG exhibits two perpendicularly polarized transitions in the visible region.
The lower energy is peaked at 618 nm, which corresponds to S0 →S1 transition as
displayed in Figure 4-3A. In a molecular coordinate scheme, the transition is along
the c direction. Here we define the axis c to be perpendicular to the molecular axis a
in Figure 4-3B. A higher energy is located along the a direction at ca. 410 nm, which
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denotes the second excited electronic transition of S0→S2. The S1 to S2 transition
dipole is also c-axis polarized. Thus, we consider main contributions to the molecular
hyperpolarizability from (𝟐)
and (𝟐)
components. The uses of 1027 nm and
𝒄𝒄𝒄
𝒄𝒂𝒂
SWIR from 1415 nm to 1670 nm as fundamental beams generate large second-order
responses due to a two-photon resonance enhancement with the first excited
electronic state of MG.
Nonlinear Mie scattering theory has been developed to describe second-order
responses from the surface of spherical particles. Dadap et al. developed nonlinear
Mie theory for the second harmonic scattering electromagnetic field.82 Dai et al.
further included higher-order multipoles in order to describe second harmonic
scattering from spherical particles of any size.83 Roke et al. systematically
established the nonlinear Mie theory for vibrational sum frequency scattering.47 Here
we utilize these excellent theories to depict orientational behaviors of MG in
electronic sum frequency scattering. Figure 4-4B displays the schematic
configuration of MG structure in a spherical aerosol surface coordinate system, (X,
Y, Z) with respect to its molecular reference frame, (a, b, c), by the Euler angle,
(𝜃, 𝜙, 𝜓).27, 33 We simply correlated the molecular hyperpolarizabilities of MG with
the second-order susceptibilities in the framework of the surface coordinate system
(X, Y, Z), which are given by,27, 33
(2)

(2)

𝜒𝑍𝑍𝑍 = 𝑁𝑠 𝛽𝑐𝑐𝑐 (〈𝑐𝑜𝑠 3 𝜃〉 + 𝑟〈𝑐𝑜𝑠𝜃𝑠𝑖𝑛2 𝜓𝑠𝑖𝑛2 𝜃〉)

(4.1)

1
(2)
(2)
(2)
(2)
(2)
𝜒𝑋𝑍𝑋 = 𝜒𝑋𝑋𝑍 = 𝜒𝑌𝑌𝑍 = 𝜒𝑌𝑍𝑌 = 𝑁𝑠 𝛽𝑐𝑐𝑐 (〈𝑐𝑜𝑠𝜃𝑠𝑖𝑛2 𝜃〉 − 𝑟〈𝑠𝑖𝑛2 𝜓𝑠𝑖𝑛2 𝜃𝑐𝑜𝑠𝜃〉)
2
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(2)

(2)

𝜒𝑍𝑋𝑋 = 𝜒𝑍𝑌𝑌

1
(2)
= 𝑁𝑠 𝛽𝑐𝑐𝑐 (〈𝑐𝑜𝑠𝜃𝑠𝑖𝑛2 𝜃〉 + 𝑟〈𝑐𝑜𝑠𝜃𝑐𝑜𝑠 2 𝜓〉 + 𝑟〈𝑐𝑜𝑠 3 𝜃𝑠𝑖𝑛2 𝜓〉)
2

where the r is the ratio of (2)
and (2)
with a value of 0.008-0.0125 in our case as
𝑐𝑎𝑎
𝑐𝑐𝑐
numerically analyzed in Figure A4-(1-9).83, 88 In the expressions described above,
we considered isotropic symmetry (𝜙) of MG at the particle surfaces. Given a C2V
symmetry of MG, 𝜓 was retained in the calculations of orientational angles. It was
found that the 𝜓 was not freely rotated at the aerosol surfaces and restricted within
0-30. Further relations of the surface susceptibilities with the polarization
combinations of SSP, PPP, and PSS are found in supporting information. We
numerically determine 𝜃 with substantial simplification of the orientation
distribution function.83,
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A detailed description of the determination of the

orientational angle of MG is found in the Supporting Information. It turns out that
MG molecules are oriented with a polar angle of 25- 35 at the aerosol particle
surfaces.
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Figure 4-4. ESFS isotherms of aerosol particles generated from 1.0 M NaCl solution
mixed with desired concentrations of MG. A picosecond 1027 nm laser was mixed
with 1550 nm femtosecond SWIR for SSP (red solid circle) and PPP (blue solid
square) polarizations, respectively. The inset is the comparison of the normalized
isotherms for the two polarization combinations.
4-3-1 Surface populat0.2"ion and adsorption free energy of MG of the aerosol
particles
To examine surface population and adsorption free energy of MG at the
aerosol particle surfaces, ESFS experiments were carried out for aerosol particles
generated from different concentrations MG in a 1 M NaCl solution with the
picosecond 1027 nm laser and 1550 nm SWIR IR light. Furthermore, polarizationdependent isotherms were performed in an effort to further understand how
molecular orientations affect adsorption ability of organic molecules at the aerosol
particle surfaces. Figure 4-4 compares two different ESFS isotherms of the aerosol
particles under different polarizations (SSP and PPP). It is seen that the ESFS signals
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for PPP are larger than those for SSP over the concentrations measured. The inset in
Figure 4-4 shows no difference in the SSP and PPP polarizations for the
concentration-dependent ESFS signals, suggesting that the surface population of MG
is orientation insensitive at the aerosol particle surfaces.
ESFS electric field is proportional to interfacial density, 𝑁𝑠 . Based on the
Langmuir model, the interfacial electric field is expresses as,89
𝑁𝑠

𝐾𝑐

𝐸𝐸𝑆𝐹𝑆 ∝ 𝑁 ∝ 𝐾𝑐+55.5
∞

(4.2)

where 𝐾 is the equilibrium constant of the adsorption, 𝑐 is the concentration of MG
in bulk solution, and 𝑁∞ is maximum adsorption surface sites of an aerosol particle.
A fitting to the Langmuir model in Equation (4.2) yields surface adsorption constant
of 4.34 ± 0.56  103 M−1. As such, surface adsorption free energy was found to be 20.75 ±0.32 kJ/mol for MG at the aerosol particle surface. This value is much lower
than that the air/water interfaces reported in the literature as shown in Figure A410.90 Such a difference is likely to come from surface curvature of the aerosol
particles.
There are two limitations for the ESFS technique: 1) ESFS signals are
notoriously weak. The ESFS signals could be hardly collected, unlike directional
ESFG experiments. As a result, the experiments are now limited to few molecules
with a large hyperpolarizability. We believe that these foundational experiments
would contribute to new experimental designs for ESFS, including a higher power
laser with a higher repetition rate than the one we used in this demonstration
example; 2) Tuning laser wavelengths for an ESFS spectrum are time consuming. In
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addition, a correct step for intensity and pulse normalizations due to the tuning of a
wavelength is necessary and important. Generally, it takes 6-8 hours to obtain an
ESFS spectrum in our case. The next step to improve it is to develop a strong and
broadband short-wave IR laser source with a high-repetition laser, as we
demonstrated in a low frequency of 1 kHz laser system.62
4-3-2 Discussion
Gas molecules, ions, water, and adsorbates from particle, which define the
boundary of gas-aerosol particles, largely determine their overall chemical and
physical properties of aerosols. Thus, knowledge of binding and structure of gas
molecules, ions, water, and organic adsorbates at the gas-aerosol particle surfaces is
necessary to elucidate the significance of the surfaces in atmospheric processes. Our
surface electronic spectra revealed that polarity of aerosol particle surfaces of NaCl
seeded particles is more hydrophobic than that of its bulk solution. This less polar
property of the aerosol surfaces provides driving forces for organic molecules to be
enriched in the surface region. Organic molecules in the particle phases prefer to
adsorb onto the aerosol surfaces. This hydrophobic surface could also facilitate
molecules from gas phase through uptake. These surface molecules could host
further photochemistry. Sunlight is the primary initiator for surface photochemistry
occurring in sea aerosol particles. Once the organic molecules become photoexcited
by absorbing photons from sunlight, it is promoted to its singlet state, which may
either relax back to the ground state or undergo an intersystem crossing to the triplet
excited state. The triplet is reactive and could then directly oxidize organic materials
via energy transfer, or electron transfer, or proton transfer reaction, or their
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combinations, forming SOA.
Information of aerosol surfaces is anticipated to be critical for atmospheric
chemistry modeling at the regional and global scales. For example, reactions
involving the participation of light-absorbing organic aerosol species as
photosensitizers have been suggested as pathways for the photochemical processing
of gas-phase species such as NO2 and O3.91-94 Recent laboratory studies also suggest
that photo-excited organic molecules may oxidize volatile organic species via
electron transfer, or generate oxidizing radicals.95-97 Either of these processes is
involved in surface photochemistry. The establishment of in-situ ESFS will add
asserts to the understanding of the formation of SOA in the process of the
photochemical reactions at surfaces in real time. The efforts in this development of
the in-situ electronic sum frequency scattering technique are an important step
towards our goal of exploring photoinduced chemical reactions in the growth of
SOAs for the atmospheric chemistry modeling.
4-5. Conclusion
In summary, we have for the first time demonstrated in situ spectroscopic
identification of organic species at aerosol particle surfaces with the development of
electronic sum frequency scattering technique. This novel surface-specific nonlinear
optical probe has enabled us to identify chemical species, molecular configuration,
and adsorption behaviors of organic species of aerosol particles in real time.
Malachite Green, as an example, was examined at aerosol particles of NaCl salt
solution. The electronic responses of MG were found to be blue-shifted with respect
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to that in its bulk solution. The blue shift in the ESFS was due to the more
hydrophobic nature at the aerosol particle surfaces as compared with that in its bulk.
Surface population of MG has been found to exhibit distinct behaviors at the surfaces
from the planar air/water interface. Our experimental findings from the novel
technique stress the importance of physical properties and chemical activities on
aerosol particle surfaces. We believe that these preliminary results open a new
avenue to better understandings of growth of aerosol particles in the atmosphere.
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4-7. Appendix: Supporting Information
Part I. Calculations of peak powers for the 1027 nm and SWIR lasers in the ESFS
experiments
For the 1027 nm laser:
80 𝜇𝑚
1 𝑐𝑚 2
) = 5.03 × 10−5 𝑐𝑚2
𝐴𝑒𝑟𝑎 𝑜𝑓 𝑠𝑝𝑜𝑡 = 𝜋𝑟 = 𝜋 × (
× 4
2
10 𝜇𝑚
2

𝐹𝑙𝑢𝑒𝑛𝑐𝑒 =

𝑝𝑢𝑙𝑠𝑒 𝑒𝑛𝑒𝑟𝑔𝑦
400 𝑚𝑊
1
=
×
= 7.95 × 104 𝜇𝐽/𝑐𝑚2
−5
2
𝐴𝑒𝑟𝑎 𝑜𝑓 𝑠𝑝𝑜𝑡 5.03 × 10 𝑐𝑚
100 𝑘𝐻𝑧

𝐹𝑙𝑢𝑒𝑛𝑐𝑒
7.95 × 104 𝜇𝐽/𝑐𝑚2
𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟 =
=
= 7.95 × 1010 𝑊/𝑐𝑚2
𝑝𝑢𝑙𝑠𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
1 𝑝𝑠
= 79.5 𝐺𝑊/𝑐𝑚2
For the SWIR laser:
40 𝜇𝑚
1 𝑐𝑚 2
) = 1.26 × 10−5 𝑐𝑚2
𝐴𝑒𝑟𝑎 𝑜𝑓 𝑠𝑝𝑜𝑡 = 𝜋𝑟 2 = 𝜋 × (
× 4
2
10 𝜇𝑚
𝐹𝑙𝑢𝑒𝑛𝑐𝑒 =

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑜𝑤𝑒𝑟
100 𝑚𝑊
1
=
×
𝐴𝑒𝑟𝑎 𝑜𝑓 𝑠𝑝𝑜𝑡
1.26 × 10−5 𝑐𝑚2 100 𝑘𝐻𝑧
= 7.94 × 104 𝜇𝐽/𝑐𝑚2

109
4

𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟 =

2

𝐹𝑙𝑢𝑒𝑛𝑐𝑒
7.94 × 10 𝜇𝐽/𝑐𝑚
=
= 3.97 × 1011 𝑊/𝑐𝑚2
𝑝𝑢𝑙𝑠𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
200 𝑓𝑠

= 397 𝐺𝑊/𝑐𝑚2
Part II. A fitting equation for ESFS spectra
2

𝐴

𝐼(𝜔) ∝ |𝜒𝑁𝑅 + 𝜔−𝜔𝑅+𝑖Γ|
𝑖

2

𝐴 (𝜔−𝜔 −𝑖𝛤)

𝑖
= |𝜒𝑁𝑅 + (𝜔−𝜔𝑅+𝑖Γ)(𝜔−𝜔
|
−𝑖𝛤)
𝑖

= |𝜒𝑁𝑅 +

𝑖

𝐴𝑅 (𝜔−𝜔𝑖 −𝑖𝛤) 2
|
(𝜔−𝜔𝑖 )2 +𝛤2

𝐴 (𝜔−𝜔 )

𝐴 𝑖𝛤

𝑖

𝑖

2

𝑅
𝑖
= |𝜒𝑁𝑅 + (𝜔−𝜔
− (𝜔−𝜔𝑅)2+𝛤2|
)2 +𝛤2

𝐴 (𝜔−𝜔 )

𝐴 𝛤

𝑖

𝑖

𝑅
𝑖
= (𝜒𝑁𝑅 + (𝜔−𝜔
)2 + ((𝜔−𝜔𝑅)2+𝛤2)2
)2 +𝛤2

(A4.1)

Part III. Derivation of orientational angle determination from polarized ESFS
experiments
1. Two nonvanishing hyperpolarizabilities, 𝛽𝑐𝑎𝑎 and 𝛽𝑐𝑐𝑐 , for MG molecules exist
at ESFS wavelength from 594 nm to 636 nm under the two lasers of 1027 nm
and 1415-1670 nm. The relation of the two hyperpolarizabilities have the form:
𝛽𝑐𝑎𝑎 = 𝑟𝛽𝑐𝑐𝑐

(A4.2)

2. Surface susceptibility, χ(2) , and hyperpolarizabilities, β(2) . The relationship
between χ(2) in the spherical coordinates as defined in the context and β(2) in the
molecular coordinates can be expressed as:1
(2)

(2)

𝜒𝐼𝐽𝐾=𝑋,𝑌,𝑍 = 𝑁𝑠 〈𝑅𝐼𝑖 𝑅𝐽𝑗 𝑅𝐾𝑘 〉𝛽𝑖𝑗𝑘=𝑎,𝑏,𝑐

(A4.3)
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where the RIi, RJj, and RKk are the rotational matrix element in the Euler
transformation matrix ℜ, which are given by:2
ℜ
cos(𝜓) cos(𝜙) − cos(𝜃) sin(𝜙) sin(𝜓) − sin(𝜓) cos(𝜙) − cos(𝜃) sin(𝜙) cos(𝜓)
sin(𝜃) sin(𝜙)
= ( cos(𝜓) sin(𝜙) + cos(𝜃) cos(𝜙) sin(𝜓) − sin(𝜓) sin(𝜙) + cos(𝜃) cos(𝜙) cos(𝜓) − sin(𝜃) cos(𝜙))
sin(𝜃) sin(𝜓)
sin(𝜃) cos(𝜓)
cos(𝜃)

(A4.4)
as defined in
𝑅𝑋𝑎
𝑎
𝑋
(𝑌 ) = ℜ × (𝑏 ) = (𝑅𝑌𝑎
𝑐
𝑅𝑍𝑎
𝑍

𝑅𝑋𝑏
𝑅𝑌𝑏
𝑅𝑍𝑏

𝑅𝑋𝑐 𝑎
𝑅𝑌𝑐 ) (𝑏 )
𝑅𝑍𝑐 𝑐

(A4.5)

There are several nonvanishing surface susceptibilities in the 𝐶∞𝑣 surface,
(2)

(2)

(2)

(2)

(2)

(2)

(2)

including 𝜒𝑍𝑍𝑍 , 𝜒𝑋𝑍𝑋 ,𝜒𝑌𝑍𝑌 , 𝜒𝑍𝑋𝑋 , 𝜒𝑍𝑌𝑌 , 𝜒𝑋𝑋𝑍 , and 𝜒𝑌𝑌𝑍 .
3. By following the terminology in the literature,3 we define four new surface
susceptibilities, χ1, χ2 , χ3 , and χ4 :3
(2)

(2)

(2)

(2)

χ1 = 𝜒𝑍𝑍𝑍 − 𝜒𝑋𝑋𝑍 − 𝜒𝑋𝑍𝑋 − 𝜒𝑍𝑋𝑋
(2)

χ2 = 𝜒𝑌𝑌𝑍
(2)

χ3 = 𝜒𝑌𝑍𝑌
(2)

χ4 = 𝜒𝑍𝑌𝑌

(A4.6)

4. Four scattering susceptibilities Γ1 , Γ2 , Γ3 , and Γ4 are defined by following the
literature.3 They are related to the χ(2) components by a matrix multiplication,
𝚪 (𝟐) components can be related to the 𝛘(𝟐) components by a matrix
multiplication,3
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Γ1
2F1 − 5F2 0
χ1
0
0
χ
0
Γ
2F1 0
F2
2
( 2) = (
) (χ )
0
Γ3
3
F2
0 2F1
χ4
0
0 2F1
Γ4
F2

(A4.7)

where
sin(𝑞𝑅) cos(𝑞𝑅)
𝐹1 (𝑞𝑅) = 2𝜋𝑖 (
−
)
(𝑞𝑅)2
𝑞𝑅

𝐹2 (𝑞𝑅) = 4𝜋𝑖 (3

sin(𝑞𝑅)
cos(𝑞𝑅) sin(𝑞𝑅)
−
3
−
)
(𝑞𝑅)4
(𝑞𝑅)3
(𝑞𝑅)2

Ω𝐸𝑆𝐹𝑆
)
𝑞𝑅 = 2‖𝑘00 ‖𝑅 sin (
2
where 𝑞 is a scattering vector, 𝑅 is particle radius, and 𝑘00 is the sum of all the three
wave vectors.

5. ESFG in the scattering plane:3
𝐸𝑝𝑝𝑝 = cos (

Ω𝐸𝑆𝐹𝑆
Ω𝐸𝑆𝐹𝑆
Ω𝐸𝑆𝐹𝑆
) cos (
− Ω1 ) cos (
− Ω1 + Ω2 ) Γ1 + cos(Ω𝐸𝑆𝐹𝑆
2
2
2

− Ω1 + Ω2 ) 𝐸𝑠𝑠𝑝 + cos(Ω𝐸𝑆𝐹𝑆 − Ω1 )𝐸𝑠𝑝𝑠 + cos(Ω2 ) 𝐸𝑝𝑠𝑠
Ω𝐸𝑆𝐹𝑆
𝐸𝑠𝑠𝑝 = cos (
− Ω1 ) Γ2
2
Ω𝐸𝑆𝐹𝑆
𝐸𝑠𝑝𝑠 = cos (
− Ω1 + Ω2 ) Γ3
2
Ω𝐸𝑆𝐹𝑆

𝐸𝑝𝑠𝑠 = cos (

2

) Γ4

(A4.8)
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Part IV. Numerical calculations orientational angle determination from polarized
ESFS experiments.
1. Different r values
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Figure A4-1. Calculated ESFS electric fields for SSP, PPP, and PSS polarization
(2)
(2)
combinations from the Equation (A4.7). Assume that 5𝛽𝑐𝑐𝑐 = 𝛽𝑐𝑎𝑎 and 𝜓 =0,
30,60, 90. The unit for the vertical axis is arbitrary.
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Figure A4-2. Calculated ESFS electric fields for SSP, PPP, and PSS polarization
(2)
(2)
combinations from the Equation (A4.7). Assume that −5𝛽𝑐𝑐𝑐 = 𝛽𝑐𝑎𝑎 and 𝜓 =0,
30,60, 90. The unit for the vertical axis is arbitrary.
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Figure A4-3. Calculated ESFS electric fields for SSP, PPP, and PSS polarization
(2)
(2)
combinations from the Equation (A4.7). Assume that 𝛽𝑐𝑐𝑐 = −5𝛽𝑐𝑎𝑎 and 𝜓 =0,
30,60, 90. The unit for the vertical axis is arbitrary.
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Figure A4-4. Calculated ESFS electric fields for SSP, PPP, and PSS polarization
(2)
(2)
combinations from the Equation (A4.7). Assume that 𝛽𝑐𝑐𝑐 = 5𝛽𝑐𝑎𝑎 and 𝜓 =0,
30,60, 90. The unit for the vertical axis is arbitrary.
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Figure A4-5. Calculated ESFS electric fields for SSP, PPP, and PSS polarization
(2)
(2)
combinations from the Equation (A4.7). Assume that 𝛽𝑐𝑐𝑐 = 60𝛽𝑐𝑎𝑎 and 𝜓 =0,
30,60, 90. The unit for the vertical axis is arbitrary.
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Figure A4-6. Calculated ESFS electric fields for SSP, PPP, and PSS polarization
(2)
(2)
combinations from the Equation (A4.7). Assume that 𝛽𝑐𝑐𝑐 = 80𝛽𝑐𝑎𝑎 and 𝜓 =0,
30,60, 90. The unit for the vertical axis is arbitrary.
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Figure A4-7. Calculated ESFS electric fields for SSP, PPP, and PSS polarization
(2)
(2)
combinations from the Equation (A4.7). Assume that 𝛽𝑐𝑐𝑐 = 100𝛽𝑐𝑎𝑎 and 𝜓=0,
30,60, 90. The unit for the vertical axis is arbitrary.
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Figure A4-8. Calculated ESFS electric fields for SSP, PPP, and PSS polarization
(2)
(2)
combinations from the Equation (A4.7). Assume that 𝛽𝑐𝑐𝑐 = 120𝛽𝑐𝑎𝑎 and 𝜓=0,
30,60, 90. The unit for the vertical axis is arbitrary.
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Figure A4-9. Calculated ESFS electric fields for SSP, PPP, and PSS polarization
(2)
(2)
combinations from the Equation (A4.7). Assume that 𝛽𝑐𝑐𝑐 = 150𝛽𝑐𝑎𝑎 and 𝜓=0,
30,60, 90. The unit for the vertical axis is arbitrary.
Part IV. Fittings of the SHG data at the air/water interface from the literature
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Figure A4-10. SHG Data from the literature4 was fitted with a Langmuir model.
Reference
(1).Shen, Y. R., Nature 1989, 337 (6207), 519-525.
(2).Wang, H.-F.; Gan, W.; Lu, R.; Rao, Y.; Wu, B.-H., Int. Rev. Phys. Chem. 2005,
24 (2), 191-256.
(3).de Beer, A. G.; Roke, S., J. Chem. Phys. 2010, 132 (23), 234702.
(4).Song, J.; Kim, M. W., J. Phys. Chem. B 2010, 114 (9), 3236-41.
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CHAPTER V
IN SITU ANALYSIS OF THE BULK AND SURFACE CHEMICAL
COMPOSITIONS OF ORGANIC AEROSOL PARTICLES d
5-1. Abstract
Understanding of the chemical and physical properties of particles is an
important scientific, engineering, and medical issue that is crucial to air quality,
human health, and environmental chemistry. Of special interest are aerosol particles
floating in the air for both indoor virus transmission and outdoor atmospheric
chemistry. The growth of bio- and organic-aerosol particles in the air is intimately
correlated with chemical structures and their reactions in the gas phase at aerosol
particle surfaces and in-particle phases. However, direct measurements of chemical
structures at aerosol particle surfaces in the air are lacking. Here we demonstrate in
situ surface-specific vibrational sum frequency scattering (VSFS) to directly identify
chemical structures of molecules at aerosol particle surfaces. Furthermore, our setup
allows us to simultaneously probe hyper-Raman scattering (HRS) spectra in the
particle phase. We examined polarized VSFS spectra of propionic acid at aerosol
particle surfaces and in particle bulk. More importantly, the surface adsorption free
energy of propionic acid onto aerosol particles was found to be less negative than

d
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that at the air/water interface. These results challenge the long-standing hypothesis
that molecular behaviors at the air/water interface are the same as those at aerosol
particle surfaces. Our approach opens a new avenue in revealing surface
compositions and chemical aging in the formation of secondary organic aerosols in
the atmosphere as well as chemical analysis of indoor and outdoor viral aerosol
particles.
5-2. Introduction
Understanding of the chemical and physical properties of aerosol particles is
an important scientific, engineering, and medical topic that is crucial to air quality,
human health, and environmental chemistry, in particular indoor transmission related
to viral aerosol particles.1-10 Bio- and organic-constituted aerosols are of multiple
phases, consisting of liquid, solid, or mixed particles.1 The growth of these different
types of particles is intimately related to physical properties and chemical reactions
in the gas and particle phases, and at the gas/aerosol particle interface.1-8
Atmospheric particles interact with gas-phase chemical species in a range of
heterogeneous and multiphase processes, from the chemical processing of surface
organics by gas-phase oxidants to the hygroscopic uptake of water and even cloud
droplet activation.3,11 Particle surfaces serve as the gateway for all of these
interactions. The structure, mass transport kinetics, molecular-level dynamics, and
heterogeneous chemical reactions are different from those of their corresponding
bulk in the surface regions of an aerosol particle.9,11,12 For example, the ability of
environmentally relevant surfaces that have acidic properties to mediate surface
chemistry has important implications for the fate of many environmental species.
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Surface pH of aerosol particles is believed to alter the heterogeneous chemistry,
optical properties, and ice and cloud nucleating ability of atmospheric aerosols.13,14
Despite the importance of aerosol surfaces, direct evidence is needed to reveal
chemical structures, binding or adsorbate behaviors, kinetics, dynamics, and
heterogenous reactions of aerosols.
The physical and chemical properties of the aerosol particle surfaces are
different from those of their in-particle phase.3,8,12,15-26 Recent studies showed that
biological and organic materials prefer to remain at aerosol surfaces and occupy
surface sites of aerosol particles.3,8,15,17,27-31 The biological and organic materials at
the particle surface can change chemical compositions by manipulating in- and outof molecules, surface chemistry, physical properties, and so on.8,15,32 More
importantly, the surfaces of aerosol particles are expected to host unique physical
and chemical settings for biological and chemical reactions. In the atmosphere,
chemical structures and reactions of constituents at aerosol surfaces are driven by the
photochemical production of reactive gas-phase species, such as ozone and hydroxyl
radicals.9,33-38 As a result, these oxidizing agents react with the surface of particles
containing organic species in processes which are heterogeneous. On the other hand,
the surface properties of these particles play a significant role in the kinetics of
reactive uptake and the subsequent chemical reactions.9,11,12 These heterogeneous
reactions further cause changes in the composition and physical properties of
aerosols. The questions arise from how particle surfaces play a role in these reactions
for liquid or solid particles. Theoretical work has predicted that interfaces alter bulk
chemical equilibria and accelerate reactions in micro-compartments.39 There has
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been a lack of analytical techniques capable of investigating the surface chemistry of
submicron aerosols directly. As a result, surface-specific aerosol chemical processes
and their characteristics have only been inferred based on indirect observations and
modeling.
Previous studies of aerosol surfaces are mainly focused on ex situ
measurements of aerosol particles collected from the field.40-43 Our recent attempts
have demonstrated in situ measurements of molecular behaviors at aerosol particle
surfaces by developing second harmonic scattering (SHS) and electronic sum
frequency scattering (ESFS) techniques.44-47 These measurements provide direct
evidence of organic molecules existing at aerosol surfaces, surface populations of the
organic molecules, surface polarity, as well as configurations of the organic
molecules at aerosol surfaces. Although these preliminary results offer direct
measurements of physical properties at aerosol surfaces, SHS and ESFS techniques
cannot provide chemical information of organic species.
Our primary purpose is to identify organic species and their surface properties
of aerosol particles floating in the air directly. In this work, we present direct probing
of chemical species at surfaces of laboratory-generated aerosol particles in real time
by developing vibrational sum frequency scattering (VSFS) spectroscopy.
Furthermore, we compare the concentration-dependent adsorption of organic species
to both planar and spherical particle surfaces.
5-3. Experimental Section
In Situ Vibrational Sum Frequency Scattering (VSFS) and Hyper-
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Raman Scattering (HRS) Measurements. Figure 5-1a shows a schematic setup for
both the VSFS and HRS experiments. The experimental setup consisted of three
main units: light sources, signal detection, and laboratory-generated aerosol particles.

Figure 5-1. Schematic diagram for vibrational sum frequency (VSFS) and
hyper-Raman scattering (HRS) experiments. a Schematic diagram of both the
VSFS and HRS experiments. A spectrally narrow picosecond 1025 nm from an
etalon was combined with a broadband OPA-generated IR femtosecond pulse at the
aerosol samples to yield sum-frequency and hyper-Raman signals. L1: 1” achromatic
lens of a 25 cm focal length. L2: 1” CaF2 lens of a 15 cm focal length; L3/L5: 2”
achromatic lens of a 3.2 cm focal length, and L4/L6: 2” achromatic lens of a 7.5 cm
focal length. b The narrow picosecond 1025 nm and the broadband IR light were
non-collinearly incident on samples at angle of 1025 = 0 and IR = 5 with respect
to the X axis. The incident plane and scattering plane were in the X-Y plane, with
the Z axis perpendicular to the optical table.
Light sources. A femtosecond amplifier laser system (PHAROS, Light
Conversion) running at a repetition rate of 100 kHz and was an average output of 8
W was used to pump an optical parametric amplifier (ORPHEUS-ONE, Light
Conversion), yielding a tunable middle IR light beam from 2500 nm to 4500 nm. The
residual component of the pump was exploited to generate a spectrally narrow
picosecond pulse with a spectral linewidth of 8 cm-1. This was achieved by inserting
an etalon (SLS Optics) to filter the broadband femtosecond 1025 nm laser down to
the spectrally narrow picosecond beam.

136

The picosecond (1025 nm) and broadband IR light beams were noncollinearly incident on samples at angles of 0 and 5, respectively, relative to the X
axis in Figure 5-1b, which is similar to that for in situ ESFS.47 Vibrational SFS,
together with the two incident beams, constitutes an incident plane parallel to the
optical table, defined as the XY plane. Pulse energies of 6.0 µJ and 2.0 µJ were
applied for the 1025 nm and IR beams, respectively. Two lenses of 25 cm and 10 cm
focal lengths were used for the 1025 nm laser and IR light beam to focus on a flow
of aerosol particles. It turned out that the diameters of the focal spot were ~90 µm
for the 1025 nm laser and ~80 µm for the IR beam. The polarizations of the 1025 nm
and the IR beam were varied by two independent half-wave plates, and thin-film
polarizers were used to select the polarization of the scattering signals. Here we
denote the polarizations which are perpendicular to and parallel with the optical table
as V- and H-polarized, respectively.
Simultaneous Detection of VSFS and HRS signals. A lens (2”, f = 3.2 cm)
was placed at an angle of 90 relative to the X axis so that VSFS signals were
collected with a wide angle (2θ) of ~60 degrees. One more lens (2”, f = 7.5 cm) was
used to focus the collected signal on the entrance of a spectrometer in an effort to
achieve spectral resolution of VSFS. A spectrometer (Acton 300i, Princeton
Instruments) was combined with a charge-coupled device (Princeton Instruments,
LN/CCD-1340/400) for VSFS detection. The integration time was 180 s for each
VSFS spectrum at VSFS = 1025nm + IR. The same collection lens as those in VSFS
were placed at an angle of 0 for HRS signal, as shown in Figure 5-1a. Another
spectrometer (Acton 300i, Princeton Instruments) equipped with a charge-coupled
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device (Princeton Instruments, LN/CCD-1340/400) was used for HRS detection. The
integration time for each HRS spectrum at HRS = 21025nm - IR was 60 s. As such,
we were able to simultaneously obtain surface and bulk information from VSFS and
HRS measurements of aerosol particles.
Laboratory-generated aerosol particles. A stock solution of 0.5 M NaCl was
prepared as a seed for particle generations in our experiments.44-47 Aerosol particles
were produced by a constant output atomizer (TSI 3076) under a constant pressure
of 40 psi and flow of 4 slpm (MKS). The density of particles was estimated to be ca.
3.8106 cm-3, with a diameter centered at near 40 nm, and size distribution spanning
from 10 nm to 300 nm (TSI, Optical Particle Sizer 3330 and Nanoparticle Sizer
3910). The aerosol particles were introduced to an enclosed chamber for
experiments, and an exhaust pump was used to guarantee no accumulation of aerosol
particles in the chamber.
As with previous SHS experiments,44 the relationship of VSFS intensity and
aerosol particle density was investigated. The 3.8106 cm-3 particle density was
diluted with an interjecting variable flow of N2 which passed through a distilled water
bubbler which intercepted the PTFE tube carrying the aerosol particles. All aerosol
and gas handling were done through 1/4" OD x 11/64” ID PTFE tubing and a glass
elution tip of the same diameters at the sample location. Using an additional flow
controller, (MKS) the aerosols containing 4 M propionic acid in 0.5 M NaCl were
diluted ranging 0-100% of the original flow.
Planar Vibrational SFG (VSFG). A different femtosecond laser amplifier
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system (UpTek Solutions) with a fundamental wavelength of 800 nm and repetition
rate of 1 kHz was used for VSFG experiments at the air/liquid interface. This 800
nm pulse was used to pump an OPA (TOPAS, Light Conversions) which generated
a 3250 nm IR pulse of 5 J. The residual 14 J, 800 nm pulse was directed through
a translation stage to control the temporal overlap of the two pulses, followed by an
air-spaced etalon (SLS Optics) and half-wave plate. A dichroic mirror was used to
direct the IR and 800 nm pulses colinearly to the sample. A reflection geometry was
employed in which the VSFG signal was collected by a lens and passed through a
thin film polarizer before being focused on the slit of a spectrometer (Acton,
SpectraPro 2300i, Princeton Instruments) fitted with a CCD detector (Princeton
Instruments, LN/CCD-1340/400).57 Samples were contained in a 2” diameter PTFE
dish placed on a rotation stage and prepared identical to those for VSFS experiments.
Chemicals. Propionic and butanoic acids (Acros Organics) were used as
received. Ultrapure water of 18.2 MΩ·cm was used to prepare stock solutions in our
experiments. NaCl salt (Fisher Chemical) was baked at 600 °C for 10 h prior to use.
The acids were added to 0.5 M NaCl stock solution for desired concentrations in both
VSFS and HRS experiments.
5-4. Results and Discussion
5-4-1 Simultaneous detection of vibrational structures of propionic acid at particle
surfaces and in particle phase.
Experimental details and precise descriptions of the depictions in Figure 5-1
can be found below. To identify chemical structures of molecules at aerosol particle
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surfaces, VSFS experiments were implemented. Figure 5-2a presents an HHHpolarized VSFS spectrum of aerosol particles produced from 4.0 M propionic acid
in 0.5 M NaCl solution when both the picosecond 1025 nm and the 3425 nm IR beam
were overlapped spatially and temporally. Three main peaks appear at 2887.3,
2950.9, and 2991.8 cm-1 for the propionic acid aerosols, which were attributed to the
symmetric stretching mode of -CH3 (CH3-ss), the Fermi resonance between the
symmetric -CH3 stretching mode and overtones of -CH3 deformation vibrations
(Fermi), and the asymmetric stretching mode of -CH3 (CH3-as), respectively.48
To reveal vibrational structures of molecules in the particle phase, HRS
spectra were taken for aerosol particles from the same stock solution by setting a
grating centered at 605 nm. Figure 5-2a shows an HHH-polarized HRS spectrum
with three main peaks at 2873.0, 2933.6, and 2986.1 cm-1 from aerosol particles from
the same seed solution of 4.0 M propionic acid mixed with 0.5 M NaCl. Based upon
energy conservation, the peaks originated from 21027nm - 3425nm and were assigned
to be hyper-Raman modes for CH3-ss, Fermi, and CH3-as of propionic acids in
solution. It is interesting to notice that the relative intensities of the three peaks in the
HRS spectrum are different from those for VSFS. The VSFS signal for CH3-ss is
larger than that for CH3-as, while the HRS signal for CH3-ss is weaker than the
corresponding CH3-as. Such differences might come from random orientations of
propionic acid molecules in the particle phase.
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Figure 5-2. Spectra and isotherms of vibrational sum frequency (VSFS) and
hyper-Raman scattering (HRS) experiments. a HHH-polarized (H = horizontal
polarization) configuration spectra for VSFS (upper) and HRS (lower) for aerosol
particles from a 0.5 M NaCl seed solution with 4.0 M propionic acid. b VSFS (red
solid circle, left axis) and HRS (blue solid triangle, right axis) intensities at 2991.8
cm-1 (CH3-as) as a function of propionic acid concentrations added. Error bars
represent 5% deviation. c Relationship of aerosol particle density to VSFS intensity.
Error bars represent 1 standard deviation.
To further examine the origin of surface VSFS and bulk HRS of aerosol
particles, concentration-dependent experiments were carried out. Figure 5-2b
compares VSFS and HRS signals for the CH3-as mode as a function of bulk
concentration of propionic acid. As expected, HRS intensity is linearly proportional
of the bulk density.49 On the other hand, VSFS shows a different behavior with the
concentration of propionic acid in a nonlinear manner, as observed in ESFS and SHS
before.44-47 These results further confirmed that VSFS signal comes from the surface,
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instead of the bulk. Additionally, experiments were conducted to compare the
intensities of VSFS signals as they relate to the particle number density. By diluting
the aerosol stream with humidified N2 gas to mitigate evaporation, we found that
VSFS signal intensity is linearly proportional to particle density, as shown in Figure
5-2c, aligning with that for SHS.44
5-4-2 Polarized VSFS spectra of fatty acids at aerosol surfaces.

Figure 5-3. Vibrational sum frequency scattering (VSFS) spectra of aerosol
particles with different polarizations. a Polarized VSFS spectra for aerosol
particles from 4 M propionic acid in a 0.5 M NaCl seed solution with HHH, HHV,
HVH, and VVH (H = horizontal polarization, V = vertical polarization). b Schematic
of orientational configuration of the -CH3 group of propanoic acids at the aerosol
surface.
To demonstrate orientational configurations of molecules, we measured
different polarized VSFS spectra at aerosol surfaces. Figure 5-3a displays four
polarized VSFS spectra of aerosol surfaces from 4 M propionic acid, including HHH,
VVH, VHV, and HVV. Only HHH and VVH polarizations show VSFS signals,
while no signals were observed for the VHV and HVV. The Fermi peak of -CH3
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shows the largest signal, as compared with those for CH3-ss and CH3-as for all
polarizations. The CH3-as almost disappears for VVH. These results suggest that
molecules are oriented with certain ordering at the aerosol particle surfaces in Figure
5-3b, resulting in silent peaks in the two polarization combinations.
To reveal quantitative orientational analysis of propionic acids at aerosol
surfaces, we considered two non-vanishing hyperpolarizabilities of the -CH3 group:

(2)
and (2)
= (2)
= 𝑅(2)
for the symmetric stretching mode, and (2)
for the
𝑐𝑐𝑐
𝑎𝑎𝑐
𝑏𝑏𝑐
𝑐𝑐𝑐
𝑎𝑐𝑎
asymmetric stretching mode. The R is the ratio of (2)
= (2)
and (2)
with a value
𝑎𝑎𝑐
𝑏𝑏𝑐
𝑐𝑐𝑐
of 3.0 for -CH3 for the acids in our case.50 Previous studies showed that the Mie
scattering theory may be applied to obtain orientations of chemical groups at particle
surfaces in vibrational sum frequency scattering by Roke and co-workers.51 We have
attempted to apply this excellent theory to propionic acid for orientational behaviors
of -CH3 in vibrational sum frequency scattering. We have correlated the
hyperpolarizabilities of the chemical group with the second-order susceptibilities in
the framework of the surface coordinate system.50,52 We have also considered
distribution function of the orientation of the chemical group.53,54 One result from
the theory was that our polarized spectra were qualitatively consistent with the
selection rules therein. In other words, VSFS for VHV and HVV are not allowed
while those for HHH and VVH are allowed. Regrettably, this theory fails to
quantitatively explain either of the polarized VSFS signals for the symmetric and
asymmetric modes of -CH3 groups of propionic acid molecules at aerosol particle
surfaces. Our experimental results showed that the VSFS signal for the HHH
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polarization is always larger than that for the VVH polarization, while the theory
predicted the opposite. This may be due to the fact that refractive index mismatching
contributions cannot be neglected and the scattering of small particle might be
considered in our case.55 These quantitative analyses will be our next endeavor.
5-4-3 Adsorption behaviors of molecules at aerosol particle surfaces.
To compare surface adsorption behaviors of propionic acid at the aerosol
particle surface with those at the air/water interface, concentration dependent VSFS
and VSFG experiments, namely isotherms, were carried out. Figure 5-4a compares
VSFS and VSFG intensities for the CH3-as mode as a function of bulk concentration
of propionic acid in 0.5 M NaCl. Both isotherms show a nonlinear relation with the
concentration of propionic acid; further confirming that molecular behaviors from
surface-specific VSFS are different from those from bulk-dominated HRS.

Figure 5-4. Concentration dependent adsorption to curved and planar surfaces.
a Vibrational sum frequency scattering (VSFS) electric fields of CH3-as for aerosol
curved surfaces (red solid circle, right axis) and VSFG electric fields of CH3-as for
the air/water planar interface (blue solid triangle, right axis) as a function of
propionic acid concentration in a 0.5 M NaCl seed solution. b VSFS electric fields
of -CH3-as as a function of butanoic acid concentration in 0.5 M NaCl seed solution
(black sold diamond, right axis), in comparison with those for propionic acid (red
solid circle, left axis). Error bars represent 5% deviation.
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To quantitatively examine surface adsorption ability of propionic acid, we
considered the Langmuir model for molecular behaviors at the surfaces. The VSFS
or VSFG electric field is proportional to surface density, 𝑁S . The surface electric
field, 𝐸S , is expressed as47,56
𝐾𝑐

𝐸S ∝ 𝑁S ∝ 𝐾𝑐+55.5

(5.1)

where 𝐾 is the surface adsorption constant at equilibrium and 𝑐 is the concentration
of propionic acid in the seed solution.
We first compared the surface adsorption free energy of propionic acid at the
aerosol surface with that at the air/water interface. Fittings of the model in Equation
(5.1) to the two curves in Figure 5-4a generate the surface adsorption constants for
propionic acid of 1.67 ± 0.48  102 at the aerosol surface, and 4.95 ± 0.53  102 at
the air/water interface, yielding adsorption free energy values of -12.69  0.28 kJ
mol-1 and -15.38  0.11 kJ mol-1, respectively. It is surprising that the adsorption
ability of the molecules at the curved particle surface is lower than that at the planar
surface. Although the large difference in adsorption constants is effectively lost in
the logarithmic free energy function for propionic acid, this difference may be more
dramatic when considering other adsorbates.
We further compared surface adsorption free energies of different fatty acids
at the aerosol surface by carrying out concentration dependent VSFS experiments for
butanoic acid as well. Figure 5-4b displays VSFS signals for different concentrations
of butanoic acid for the CH3-as mode. The surface adsorption free energy was
estimated to be -15.96 ± 0.24 kJ mol-1 for butanoic acid at the aerosol surface. As
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expected, the longer the carbon chain, the more negative the surface adsorption free
energy.
5-5. Conclusion
We have presented in situ analysis of chemical structures of organic species
at aerosol surfaces by developing and implementing vibrational sum frequency
scattering spectroscopy. This unique setup also offered simultaneous chemical
structure analysis of species by hyper-Raman scattering from the in-particle phase.
Such a surface-specific structural probe allowed us to implement structural analysis
and observe orientational configuration and surface adsorption behaviors of
molecules at aerosol surfaces in real time. Our qualitative results showed that
molecules are oriented with certain orientations at aerosol surfaces. These results of
the spatial configurations are important for determining rates and yields of
subsequent chemical reactions occurring at aerosol particle surfaces.

Surface

adsorption free energy of propionic acid at aerosol surfaces is less negative than that
at the air/water interface. These results imply that previous modeling of
heterogeneous atmospheric chemistry by using data from the planar surface must be
re-evaluated.
The in situ VSFS method offers a direct approach for understanding the role
of aerosol particle surfaces in real time. The development of the in situ simultaneous
VSFS and HRS technique could also enlighten mechanistic studies of chemical
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reactions at aerosol surfaces and in-particle phases at the same time. Thus, we will
be able to differentiate surface from bulk contributions to the production of large
organic compounds in aerosol particles. These advancements will help us further
understand the growth of secondary organic aerosols with the structural information
of both aerosol surfaces and in the particle phase, which is beneficial to atmospheric
chemistry modeling at both a regional and a global scale. Furthermore, chemical
identifications at the aerosol surfaces also have significant implications in the
detection of indoor and outdoor transmission of aerosol particles.
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CONCLUSIONS

In this dissertation, I have summarized my work on in situ detection and
analysis of organic species at the gas-aerosol particle interface. These investigations
were accomplished through the development and utilization of the analytical
techniques of second harmonic scattering (SHS), electronic sum frequency scattering
(ESFS), and vibrational sum frequency scattering (VSFS) spectroscopies for
aerosols.
In chapter II, I introduced my research on the in situ analysis of organic
molecules at the gas-aerosol particle interface by developing and optimizing an SHS
spectroscopy system. In order to pursue more flexible laser systems for efficient
SHS, quantitative comparisons were made between system components and analytes.
I examined more sensitive and effective signal collection systems for improving the
aerosol SHS detection limit, and explored more SHS probes for interfacial analysis
of molecules at the gas-aerosol particle interface. With the mission of improving the
current interface-specific SHS technique, molecular configuration, interfacial
viscosity and polarity, chemical structures, kinetics, and photochemical reaction
mechanisms at gas-aerosol particle interfaces were investigated. These studies
opened the door to the development of interface-specific electronic and vibrational
SFS techniques.
Chapter III presented my study on relative humidity (RH) and salt
concentration effects on the gas-aerosol particle interface by using SHS

151

spectroscopy. We employed in situ interface-specific SHS to examine interfacial
behaviors of aerosol particle constituent molecules under different RH and salt
concentrations. Both the relative humidity and salt concentration affect particle size
and bulk phase of aerosols. RH not only varies the concentration of solutes inside
aerosol particles, but also changes interfacial hydration in local regions. Organic
molecules were found to exhibit unique behaviors at the gas-aerosol particle interface
relative to the bulk of NaCl particles under different RH conditions. My quantitative
analyses showed that the interfacial adsorption free energies remain unchanged and
interfacial area increases with relative humidity. These experimental findings from
the novel nonlinear optical scattering technique stress the importance of interfacial
water behaviors on aerosol particles in the atmosphere.
In chapter IV, I introduced the first demonstration of in situ spectroscopic
identification of organic species at aerosol particle surfaces with the development of
ESFS spectroscopy. This novel surface-specific nonlinear optical probe has enabled
us to identify chemical species, molecular configuration, and adsorption behaviors
of organic species of aerosol particles in real time. Based on the experimental results,
I found that the aerosol particle surface is more hydrophobic in nature than the
underlying particle bulk. Simultaneously, it was shown that the population of organic
species at the aerosol surface exhibits different behaviors from the planar air/water
interface. These preliminary results built a solid foundation for the development of a
new VSFS technique for chemical structures at the gas-aerosol particle interface.
Chapter V presented my study on in situ analysis of chemical structures of
organic species at aerosol surfaces by developing and implementing VSFS
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spectroscopy. This setup also offered simultaneous chemical structure analysis of
organic species from the bulk phase of particles by hyper-Raman scattering (HRS)
spectroscopy. Based on in situ VSFS, I observed orientational configuration and
surface adsorption behaviors of molecules at aerosol surfaces in real time. These
experimental results showed that organic molecules are oriented in an ordered
fashion at aerosol surfaces. Furthermore, the surface adsorption free energy of
organic acids at aerosol surfaces is less negative than that at the air/water interface.
This result challenges the long-standing hypothesis that molecular behaviors at the
planar air/water interface are the same as those at aerosol particle surfaces. My
approach opens a new avenue for revealing surface compositions and chemical aging
in the formation of secondary organic aerosols in the atmosphere, as well as
providing chemical identifications and analysis of indoor and outdoor viral aerosol
particles.
In the future, I would use in situ VSFS to study the chemical reactions at
aerosol particle surface, such as acid-base reactions (or pH change) and
photochemical reactions. This research would help me to further understand the
formation and the growth of secondary organic aerosols in the atmosphere, which is
beneficial to atmospheric chemistry modeling on both a regional and a global scale.
The possibilities of future employments of VSFS regarding aerosol particles
are abundant, however we must first overcome certain challenges to enhance the
efficiency and applicability of the technique. Perhaps one of the most significant
physical chemistry challenges is the extension of the VSFS theory to allow
quantitative interfacial orientation measurements. As is commonplace with VSFG

153

from planar surfaces, uncovering the exact orientation of molecules at the gas-aerosol
particle interface could enlighten studies of interfacial reaction kinetics and dynamics
for aerosol species. Another interesting inquiry into the nature of the gas-aerosol
particle interface is the comparison of interfacial partitioning when the analyte starts
within the bulk of the particle versus when the particle is empty, and the analyte
species is initially only in the gas phase. This type of study could inform the
mechanistic study of adsorption and desorption of organics at the gas-aerosol particle
interface.
An enhanced form of VSFS could also be applied to the study of acid-base
and photochemical reactions at the gas-aerosol particle surface. Such an investigation
could monitor the interfacial acidity of aerosol particles which contain acid-base
reagents, or once could study the pH-dependence of acid-base processes at the
aerosol particle surface with either the acid or base being within the aerosol particle
and the other being in the surrounding gas phase. VSFS coupled with complementary
techniques such as mass spectrometry could provide in situ analyses of
photochemical reaction products in the gas phase, at the gas-aerosol particle
interface, and within the aerosol particle bulk. Such investigations would inform the
growth and evolution processes of secondary organic aerosols in the atmosphere,
providing fundamental knowledge of these unique systems as well as informing
atmospheric chemistry modeling at local and global scales.
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